General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



Report No, 2-32300/3R-S3434 
Contract NAS8-34e78 
9 May 1083 



Development of Deployable Structures 

for 

Large Space Platform Systems 


Volume 2 

Technical Final Report 


(t5aSil“CB-170800) OF DEPLOxaiijufc 

STliOCTUBBS FOE E^EGE SVhCh H-afFOEH 
yOLUaE 2 Fifiai TecJiiiicai Report (Vouqwt 
Corp., Pdllaa, TgKoJ Ub p IIC H06/HF EU 1 

CECi. 63/18 


Prepared for; 



National Aeronautics and Space Administration 
George C. Marshall Space Flight Center 
Alabama 


By; 

Vought Corporation 
Dallas, Texas 


Vought 


i\mi. rav’ t NASH>=>3/i(v^/{.) 
Ma;; 19t.)3 


r»I-'VKlAnWlMT iW nHPI>OYAPLl-' 8TRl?tOTRl'U? 
TOR 

I.ARm‘ 1’ ^U'Afi'. PLATTORM ^^YPvr^218 


V0U5MI’ 

Tl'PUKlfAI, RiNAI, 


RI'r<>RT 


I'RFPARi'P FOR: 

NAFA MAUFHAM, HPAOl': rUOHT OFNTFR 
AI.AI'wUIA 

RY: 

V(n!oiiT i\na’(>RATioK 
I>AI.LAR, THXAR 



R. Ac Kol{?on 




roPEvcFr 


ORIGINAL PAGE 18 
OF POOR QUAimr 




D 

0 






L 


j 

i 


n 


n 

r 



I 



This report describes sn 18 aonth study of deploysble structures 
for lari.e space platfom systens. The study was conducted by the- Vought 
Corporation for the NASA George C. Marshall Space Plight Center. The work was 
performed under contract NAS8-34678 in two parts. Part 1 spanned the period 
29 October 1981 through 31 July 1982; Part 2 covered the period 9 August 1982 
through 9 Hay 1983. The effort was monitored by Erich C. Engler, COR, and V. 
E. Cobb, Co-COR of the Structures and Propulsion Laboratory. Dr. R. L. Cox of 
Vought was Study Manager of the program. Nr. R. A. Nelson performed 
conceptual and design studies and coordinated design effort. Mr. H. C. Allsup 
conducted Interface design studies and deployable volusie Integration studies. 
Mr. C. M. Richards conducted design studies for the ground test article. 
Messrs J. B. Rogers, R. W. Simon, J. J. Atkins and J. P.. Hyden performed 
structural analyses. Mr. C. A. Ford and P. Y. Shlh conducted dynamic 
analyses. Mr. P. D. StaloMch carried out thermal and deployability analyses. 
Mr. J. A. Oren performed new technology and cost studies and directed thermal 
analyses. Materials studies were conducted by Mr. C. Bourland and Mr. N. U. 
Peed. Nr. G. L. Zummer performed studies for manufacturability. Mr. R. E. 
McPartland provided electrical design support. 

The authors wish to thank the contributors mentioned above for 
their dedication and for the excellence of their support to this program. The 
authors also wish to thank Messrs Engler and Cobb for their guidance and 
support during this study, and Mr. J. J. Pacey of Vought for his valuable 
consultation and assistance. Special thanks Is due to Ms. D. M. Fethkenher 
who provided secretarial, data management and publication services throughout 
the program. 
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INTRODUCTION AND SUMMARY 


Studies of future space applications show an einerglnB need for 
multipurpose space platform systems. Prior work has focused on the 
development of generic structural platforms and on point designs of systems 
for a few missions such as geostationary communications and scientific 
experiments. In order for the user community to realize the potential 
benefits of large structures for early 1990's missions it is important now to 
develop and demonstrate platform systems which offer both a high degree of 
versatility and which effectively integrate requirements for utilities, 
subsystems, and payloads. In addition, future missions such as a Space 
Station will require both pressurized and unpressurized volumes for crew 
quarters, manned laboratories, inter-connecting tunnels, and maintenance 
hangars. To minimize launch costs and enable use of volumes greater than 
chose which can be transported by the Space Siiuttle Orblter, it is also 
desirable to evolve deployable volume concepts. 

The current program was carried out in two parts. Part 1 Involved 
the review, generation, and trade of candidate deployable linear platform 
system concepts with the selection of one of these concepts for further design 
and evaluation during Part 2, and the generation and screening of candidate 
concepts for deployable volumes. The objective of Part 1 of the program was 
to provide deployable platform systems concept(s) suitable for development to 
technology readiness by 198fa. The systems concepts were based on trades of 
alternate deployable/retractable structure concepts, integration of utilities, 
and interface approaches for docking and assembly of payloads and subsystems. 
Further objectives were to Identify material selection impacts and to Identify 
special technology needs apparent in the concepts. The Part 1 objectives for 
the deployable volume studies involved generation of concepts for deployable 
volumes which could be used as unpressurized or precsurlzed hangars, habitats 
and interconnecting tunnels. Concept generation emphasized using flexible 
materials and deployable truss structure technology. Promising concepts were 
selected for subsequent study, their capabilities and limitations defined, and 
expected problem areas, design drivers and technology development requirements 
identified . 

The objectives of Part 2 of the current program were to perform a 
layout design of a ground test article based on the results of the concept 
selection from Part 1. The design was to meet the specification for a prior 
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KASA-MSFC ground test article simulating a Science and Applications Space 
Platform (SASP) arm. Layout drawings were according to the Level 1 of 
Specification DOD-D-IOOOB, The design was of aluminum structure, derived from 
the Part 1 graphlte/epoxy conceptual design of the selected Biaxial Double 
Fold concept. Also included in the ground test article design were analytical 
evaluations for both test ^ind flight conditions. Deployable volume objectives 
during Part 2 were to evolve the selected Part 1 truss/bladder concept for the 
habitat and hangar modules. Included were selecting a specific truss concept 
for the habitat and hangar, minimizing the requirements for EVA during 
buildup, maintaining large deployed/stowed volume ratios, and conducting more 
detailed evaluations of crew accommodations, design characteristics, and 
Orbiter/Space Station compatibility. Additional objectives were to select and 
characterize single concepts for the habitat and hangar, and to identify 
special technology needs. 

The elements of a deployable platform system are illustrated in 
Figure 1, adapted from the Reference 1 Definition Study of the Advanced 
Science and Applications Space Platform (ASASP) . The core element of the 
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deployable platform system is Its automatic deployable/retractable structure. 
Some of the major interfaces are the spacecraft utilities, where full 
integration with the structure is desired, subsystems and payloads, docking, 
assembly, EVA, and various joints and attachments. All aspects of the 
interfaces are important influences to the deployable platform system design, 
including physical characteristics. Imposed loads, dynamic interactions 
between the structure and attitude control subsystems, thermal distortion, 
payload stability requirements and deployment/assembly operations. Figure 2, 
from the Reference 2 Science and Applications Manned Space Platform (SAMSP), 
shows a typical Space Station concept and Indicates three potential deployable 
volumes: an Orbital Transfer Vehicle (OTV) maintenance hangar, manned 

habitat/experlmont module, and an interconnecting tunnel. 



FIGURE 2 DEPLOY/iBLE V0LUM1-: MlBSiON CANDIDATES 






The study approach and work flow diagram for both Parts 1 and 2 
are shown In Figure 3. Part 1 of the effort will be reviewed below in summary 
fashion. Reference 3 presents a comprehensive discussion of Part 1 results. 
Tlie remainder of this report will concentrate on a detail presentation of Part 
2 results. 

0" . i.. - ‘•J 



FIGURE 3 
WORK FLOW 

1.1 REVIEW OF PART 1 RESULTS 

Results of Part 1 are summarized under two headings. Deployable 
Platforms and Deployable Volumes. 

Deployable Platforms 

The platform concepts are based on generic system requirements and 
selection crltJerla consistent with three focus missions: 

Advanced Science and Applications Platform (ASASP) 
Geostationary Communications Platform (GSP) 

Solar Power Satellite Test Article II (SPS TA II) 

These focus missions are defined In References 1, 4, and 5, respectively, and 
also In their prior supporting systems studies. In establishing generic 
requirements, these missions, as well as other activity on large space 
platforms available In the literature, were consulted. The approach was to 
identify available requirements from these documents, then develop other key 
information not available In the documentation as required. Four of the major 
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areas In which requirements were determined included stiffness of the 

deployable truss structure, strength, utilities to be Integrated Into the 

truss structure, and Interfaces. A parametric evaluation of stiffness 

requirements showed that beam bending stiffness values In the range lO” to 
7 ? 

10 Nm ' are required for small beams with a truss width of about 0,5 m. 

Stiffness requirements Increase with beam size, reaching values lit the range 
a 9 9 

10 to 10 Nm for larger beams of 3 to 4 m wl4!.’h. Strength 
requirements for beams were also Identified parametrically, and range from 
10 to 10 Nm for the smaller beams up to about 10 Nm for large beams. 

Utility Integration requirements range from a utility cross-sectional area of 

2 2 
approximately 5 cm for small trusses up to about 70 cm for truss widths 

of 3 to 4 m. 

Four generic types of interfaces were Identified: truss-to-truss 

interfaces, truss-to-module Interfaces, docking/joining Interfaces, and 

truss-to-equipment/payload Interfaces, Truss-to-truss Interfaces Involve 

joining two sections directly without a docking adapter. Joints such as butt 
joints, tee joints, lap joints, and cross joints were identified. 
Truss-to-module interfaces join a deployable truss section directly to a rigid 
section, such as a subsystem module, without a docking adapter. 

Docking/joining interfaces include transition structure and interface hardware 
such as a standardized docking adapter or a rotary joint. Finally, 

truss-to-equlpment/payload interfaces (including secondary structure where 
required) join subsystem elements and payload items directly to the truss 
structure . 

Based on study objectives, generic mission requirements, and study 
guidelines, the following deployable platform design objectives were 

established: auto deploy/retract; fully Integrated utilities; configuration 

variability; versatile payload and subsystem interfaces; structural and 
packaging efficiencies; 1986 technology readiness compatibility; minimum 
EVA/RMS; and Space Shuttle operational compatibility. To meet these 

objectives five major issues were defined, alternatives considered, and the 

design approach established. 

The first major issue was truss folding. The alternatives 
considered were single vs double fold. The approach adopted was double fold 
because of the importance of volume ratio and packing efficiency. It was also 
established that a truss configuration with a versatility for either folding 
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capability would be preferable. The second major issue was utilities 
integration. The alternatives considered were fully Integrated utilities with 
the bundles either ifilernaJ or external to the struts (but routed adjacent to 
the struts), or partially Integrated with reels or trays internal or external 
to the truss lattice. The approach adopted was to design for fully Integrated 
utilities, However it was also desired to provide compatibility for 
attachment of strap-on utilities for "tall pole" missions. The third major 
design issue was payload integration. The alternatives considered were 
integration by a payload Interface module vs payload interface directly to the 
truss. Because each of these alternatives have distinct advantages in certain 
design situations, the approach was to accommodate both. The fourth major 
issue was that of subsystem integration. The alternatives considered were 
integration by subsystem module vs integration directly onto the structure. 
Again there are advantages to either, and the approach chosen was to 
accommodate both alternatives. The fifth design issue was modularity, where 
the alternatives were a fully modular structure consisting of standarized 
building blocks vs a modular/scalable structure which had a standard scalable 
design. The chosen approach was to design for the modular/scaleable structure 
b'lt not to preclude use as standard building blocks where this would be 
beneficial. 

Conduct of the deployable platform systems study was Initiated 
with the structural concept generation and evaluation effort. A large number 
of potential deployable truss candidates were identified and judgementally 
evaluated against Level "0" criteria and screened to eleven candidates, 
pictured in Figure 4. A more detailed evaluation and screening procedure was 
applied to the eleven. That resulted in a selection of four candidates, also 
shown in Figure 4. These were the Biaxial Double Fold (BADF), the Double Fold 
(DF), the Square Diamond Beam Truss (GDC), and the Box Truss (MMC) . Each of 
these package compactly, offer good potential for automatic 
deployment/retraction and utilities integration, and have promise of 
versatility of application. 

The next step of the deployable platform study was to conduct 
design and analytical trades on the four surviving truss concepts. These 
entailed design studies of utilities, subsystem and payload integration, and 
branching/assembly interfaces for evaluation of versa t--*lity for assembling 
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deployed modules. Parametric, structural, and thermal analyses were performed 
to support the trades and a materials selection study was conducted with the 
result that all structural slzinp, was carried out on a hlp.h modulus 
graphlte/epoxy composite (GY70/934). Cost trades, which identified 
differences due to both fabrication and Shuttle launch, were also conducted . 
Based on the trade results each of the four deployable truss concepts was 

scored ap,ainst 2b Individual criteria relating to five major categories; 
platform capability, deployability, versatility, Integration, and 
performance. Weighting factors were assigned and a final ranking was 

determined. The Biaxial Double Fold was clearly superior In each major 

category and It was found that the choice was not vulnerable to the assignment 
of weighing factors. It was thus selected for further definition during Part 2. 

An overview of the characteristics and capabilities of the 
selected BADF concept Is given by Figures 5 through 12. The general 
arrangement of a 2 meter square beam with utilities integrated Inside the 

struts is summarized In Figure 5. The sketch also Illustrates the folding 
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tu'lu'mo ol ttu' BADF. The tru.ss loldK tilmult anoously In two dlrocUons hy 
U'lOKCoplnB the vortical Btruta and pivoting tho bulkhead and side diagonals. 
All colls in tho truss fold at tho same time. This folding acliomo mlnlmizos 
tho nutnbor of Joints and tho stowage volume. It results in a packaged height 
equal to diagonal length. Only two typos of nodes are Involved in the BADF 
concept; "A" nodes to which all diagonal struts arc attached, and "B" nodes. 
Figure 1 also indicates the method used to energlao the deployment and 
retraction. Deployment is hy a comhlnation of energy stored in linear springs 
located in tlie vertical struts and coil springs in bonding located in the 
longitudinals and the laterals at the A nodes. Tension on tho cable system 
provldOvS the force for retraction and also an opposing force for control 
during deployment, A single reversible cable drive motor actuates tho entire 
deployable truss. The figure also indicates the utilities integration 

approach, where a full complement of utilities for a large dt-ployablo platform 
ouch as the ASASP can he routed through the hollow longitudinal struts. 
Additional space is available for an equal quantity of add-on utilities 
mounted external to tho longitudinal struts should that he desirable for some 
subsequent missions. Provisions for utilities and mechanical connectors, 
which will he necessary for branching of truss sections and payload 
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interfaces, would be located on the sides or end of a truss section. Figures 
6 and 7 are photographs of a model fabricated by Vought , approximately 1/lOth 
scale relative to a 3 m beam. The photographs show the model in Its fully 
retracted condition, followed by views In partial and full deployment. The 
deployed dimensions of the model are 112 cm In length and 28 cm square. The 
model Is constructed of brass. The cable system for control and retraction is 
made from nylon fishing cable for the model. 

Figure 8 shows how the Biaxial Double Fold truss may be used as an 
area platform. Illustrated is a square platform consisting of 10 rows and 
columns of cells, with overall dimensions of 25.9 m x 25.9 m x 2.6m. The 
diameter of the struts for this Illustration is 5 cm. The retracted 
dimensions are 1.3 m x 1.3 m x 3.6 m. 
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FIGURE 8 

BIAXIAL DOUBLE FOLD AS AN AREA PLATFORM 


Figure 9 summarizes the utility Integration and Interface 
concept. The representative utility bundles Indicated were derived from ASASP 
requirements and provide some additional capabilities above that. The concept 
for routing of utilities through nodes is Illustrated by the B node design 
sketched in the figure. The bundle bend radius to diameter ratio shown is 
about unity, which was the minimum value used in our design studies. This 
valut was found to be acceptable from our element tests for both bending 


9 





Fia’RE 7 

BIAXIAL DOUBLE FOLD TRUSS TENTH SCALE MODEL - FULLY DEPLOYED 








V- 


Of7'C{NAt PAGE fs 
OF POOR QUALITY 


lOUAI UTIumS AMA 
^VAILAiU I^T|f NAi 
lO STtUTS fOi ADD-ON 


BUMDLE2 




UTllimS lOUTlNO Af • NODI 
WITHOUT iiANCHINO INTitf AO 



tfftlSINTATlVf UTAIMS |V|NOUS 
flTIOAATf IHIIOi STiUfS Of to 

mufs fukom acaw moumjmmts) 


UTVJTWt MTWtf AQ AT i NOOi WIIM 


FIGURE 9 

UTILITIES INTEGRATION CONCEPT FOR BADF 

noment and cycle life considerations. The interface concept at a B node shows 
how utilities are branched from the opposite A node, routed through the 
bulkhead lateral strut » and then passed under the utility in the B node 
longitudinal to a floating connector fixed to the vertical strut. The 
Interface concept at the A node is similar^ only branching is directly from 
the A node rather than through a crossover from the opposite side of the truss. 

Figure 10 shows the types of truss-to-truss and truss-to-module 
interfaces possible. With the interface design described in conjunction with 
Figure 9, the truss joining is accomplished in two steps. First the truss 
branches to be joined are maneuvered together using the RMS until capture and 
hard lock is accomplished at four nodes by the mechanical node*to-node 
Autolock Coupler. Second » an electrically powered ultility connector plate, 
not shown, pulls together the connectors with the aid of alignment pins, 
completing the mating operation. As indicated in Figure 10, various types of 
square, oblique, and size-change interfaces are possible without the addition 
of separate interface structure. This results from the peculiar capability of 
biaxially deploying trusses to Intregrally deploy oblique or size-change 
transition structure. 
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Figure 11 Illustrates the capability of the BADF truss to be 
directly deployed or assembled into a variety of shapes. For example, the 
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CONFIGURATION VARIABILITY OF BADF 
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indicated fully deployable hoop folds into a dianeter of about l/20th of its 
deployed diameter. This characteristic also OMkes the BADF a candidate for 
deploying volusie shapes. Another useful capability is its ability to be 
deployed as a mast with Intermediately situated payloads or deployable branch 
arms preattached and deployed simultaneously. 

Figure 12 illustrates a mast experiment that can be flown in the 
Space Shuttle using the BADF design. Illustrated on that figure are the 
characteristics for a 50 cell, 100 m long redeployable mast packaged in the 
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FIGURE 12 

BADF MAST EXPERIMENT 


Space Shuttle. The packaging requirements are also indicated. One advantage 
of the folding characteristics for the BADF are that it can be stowed in a 1 m 
length in the Shuttle cargo bay. This short stowage dimension provides 
advantage in the manifesting of a Shuttle flight. 

The following conclusions are summarized from the Deployable 

Platform Part 1 studies: 

1. The deployable platform system with fully integrated 

utilities and subsystem/payload interfaces is feasible. 

2. The Biaxial Double Fold truss is the clear choice of four 

leading candidates. 

3. Automatic deployment and retraction in a self-contained 

system can be achieved. 
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4. The Biaxial Double Fold design provides typical storage ratios 
of 172:1 for a 3 ■ truss with full utilities. Ratios as high 
as 300:1 are possible with minisial utilities. 

5. Utilities integrated Inside truss struts with interfaces for 
branching are possible. Equal space for growth external to 
struts also exists. 

6. Snail payloads/subsystens nay be preattched locally to the 
truss. Large Itens nay interface through berthing hardware 
which nay be preattached. 

7. Truss-to*truss interfaces and integrally deployed transition 
structure provide a wide variety of building block 
configurations. 

Deployable Volunes 

Several types of deployable volumes were considered in the concept 
Identification task. Table 1 summarizes the conceptSi their potentif«i 
applicability. Indicates their principal characteristics and limitations, and 
identifies those selected for evaluation. The most promising concept for 
manned habitat and OTV hangar applications was found to be a deployable truss 
approach with a bladder for pressure containment and an external 
thermal/meteoroid blanket. Two flexible concepts were identified as offering 
potential for tunnels: a convoluted design end an inflated cylindrical shell 
design. 

Figure 13 illustrates the recommended concept for the deplorable 
habitat. It consists of a deployable truss structure to which a 
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TABLE 1 

DEPLOYABLE VOLUME OONCEPTS OCKSIDERED 
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th*ni«l/a«tcorold protection blanket la added on the outalde and a preaaure 
bladder on the Inside. This type of deployable voluae la applicable to a 
truss that la bidirectionally deployed, such as the BADF or the HMC Box 
Truss. When the deployed voluae Is folded It shrinks both In diaaeter and in 
the thickness of the truss structure. The length of the ctovcd Box Truss Is 
the saae as Its deployed length, while the BADF Is 17Z to 40Z longer. The 
pressure bladder stows Inside the folded structure. It la possible to obtain 
a 13:1 or 16:1 diaaeter ratio when deploying the truss structure for the MMC 
or BADF, respectively. This enables a auch larger Space Station aodule voluae 
to be used within the diaaeter constraints of the Space Shuttle cargo bay than 
would be possible with a rigid structure. The deployaent and asseably 
sequence first Involves expansion of the stowed structure, then the bladder Is 
secured, and next the Interconnecting hard structure for the equlpaent 
Internal to the deployed voluae Is added. Following that, external subsysteas 
.ire Inatalled through access doors in the theraal/aeteorold blanket. Internal 
equlpaent has to be added through the entrance hatch and, therefore, aust be 
of a site that can be Inserted through the hatch, o' It aust be deployable. 
Internal structure, such as decks, is assuaed to be deployable structure and 
would be deployed subsequent to Insertion Into the voluae. It Is possible to 
slaultaneously deploy the cylindrical section and the flat end part. It aay 
also be possible to preattach the bladder internal to the structure and deploy 
the two slaultaneously. Slallarly, it aay be possible to preattach the 
theraal/aeteorold blanket on the outside of the structure. 

In the deployable voluae concept all the pressure loads from the 
bladder are taken as hoop tension In the bladder Itself. The truss structure 
and associated hanrdware serve as the interface with Space Station structure, 
as well as a mounting platform. Figure 14 shows the flexible straight tube 
concept for the bladder as developed by Goodyear In Reference 6. The 
photograph shows that the cylinder Is collapsed In an axial direction similar 
to that of the convoluted tube. However, It can also be folded and collapsed 
In the diaaeter direction. For the habitat aodule and hangar concepts. It was 
evaluated as a bladder with no load earthing requirements other than the 
pressure load Itself. 

A utility integration concept compatible with the deployable truss 
and bladder volumes Is Illustrated In Figure 15. A subsystem can be placed 
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FIGURE 14 
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UTILITIES CONCEPT DETAILS 




inside the external truss or located anywhere on it and be protected by the 
theraal /veteorold blanket. Access is through the blsnket flaps. Subsystems 
are installed with the aid of the RMS or EVA after deployment of the truss. 
The utilities paths are through the docking hatch directly to external 
subsystems or through the docking hatch into the pressurised compartment. 
Utilities from external subsystems interface equipment Inside the pressurised 
compartment through the structural/utility bladder penetration! also 
indicated. A concept for hard point penetration of the bladder using a 
bellows seal is shown. It would be possible to evolve this concept to allow 
utilities feed through. Figure 16 shows the deployable truss volume concept 
rendered as an OTV hangar. In order to obtain the necessary length the 
structure is deployed in two sections. As indicated in the figure! the two 
sections are linked together similar to a clam shell. For a pressurised 
hangar a pressure bladder with a seal at the door interface will be provided; 
for a unpressurized hangar! no bladder is required. With a pressurized hangar 
concept stowage of the bladder Involves collapsing the seal frame into a 
folded structure and rolling it Inside the pressure bladder. This requires 

insertion of the bladder into the volume after the volume has been deployed! 
using EVA and the RMS. The OTV could be docked into the structure at one 
end. Other docking concepts could be used such as a track or rail down the 
side of the interior of the deployed volume. 
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RECOMMENDED CONCEPT FOR OTV HANGAR 
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The flexible convoluted tube concept, Indicated in Table 1, vaa 
alao recooifflended for further study • It alao waa baaed on a concept developed 
prevloualy by Go«^*dyear and has been demonstrated In acaled prototype form. 
Volume ratios up ro 8:1 can be obtained with this flexible tunnel in actual 
deployment. In order to provide loading carrying capability, it could be 
provided with an external axially folding truss, which would alao provide a 
mounting for utility Integration and support of a long life thermal/meteoroid 
blenket . 

Figure 17 sumnarizea the potential benefits of a deployable volume 
concept to the NASA-MSFC Phase III Science and Applications Manned Space 
Platform (SAMSP). In the otiginal SAMSP concept five Shuttle launches are 
required to place the four habitability/experiment modules and OTV hangar into 
orbit. The figure shows that a greater volume of habitability/experiment 
space plus an OTV hangar can be launched dry in one-half of one Shuttle flight 
using deployable volumes. The equipment used to outfit the deployable 
habitat /experiment module, packed at the same density as in the four baseline 
rigid modules, can be transported in somewhat less than one and a half Shuttle 
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flights^ thus the total requlreisent for the deployable nodules Is two Shuttle 
flights conpared to five for the equivalent baseline SAMSP modules. A systems 
trade would be necessary to determine the overall advantage considering the 
EVA/IVA operations necessary to outfit the dry deployable volumes with 
equipment • 

Conclusions from the Part 1 Deployable Volume study were that the 
concept featuring a flexible pressure bladder and a deployable truss structure 
leads to highly efficient candidates for habitat and hangar modules. Volume 
ratios up to 200:1 appear feasible. A representative 10.8 m outside diameter, 

3 

670 m pressurized volume habitat weighs about 2200 kg including bladder, 
truss, and thennal/meteoroid blanket. It requires approximately 23Z of the 
Shuttle cargo bay for delivery when delivered dry with major subsystems 
equipment added after deployment. Only about 1*1/2 to 2 Shuttle flights are 
required for delivery of both the hangar and habitat module and equipment. 
The blaxially folded design with either the RADF or the MMC Box Truss are 
leading candidates for the truss structure for deployable volumes. 

A second major conclusion is that the flexible convoluted tube is 
the leading candidate for a deployable transfer tunnel. It should be 
considered with an added external truss structure to support utility 
integration and long life thermal/meteoroid blankets, as well as to provide a 
load carrying capability. 

1.2 SUMMARY OF PART 2 RESULTS 

Ground Test Article Design 

Figure 18 is an isometric sketch Illustrating the BADF ground test 
article design features. This article was designed to the ASAP ground test 
specifications used for designing the Inhouse single fold deployable truss at 
NASA-MSFC. The test aitlcle Interfaces the existing NASA air bearing facility 
for zero-g simulation. It also Interfaces the existing base structure. The 
overall length of the ground test article Is about 14 m. There aro 10 cells, 
each about 1.4 m square. The material of construction was specified as 
aluminum; our design used the 6061-T6 alloy. The drawing shows some of the 
most significant features of the design. There are four payload stations, 
each having utility Interfaces for both fluid and electrical connections. Six 
air bearing supports are provided. As Indicated on the figure, the test 
article Is oriented on edge for deployment. Subsequent to deployment the test 
article may be rotated to other positions to allow determination of 
characteristics In various orientations. Calculations Indicate the weight of 
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:Y of part 2 BADF GROUND TEST DESIGN 


the 6061-T6 eluainum structure is approximately 384 kg. Figure 19 shows the 
stowed configuration and launch packaging for the BADF ground test article. 



FIGURE 19 

STOWED CONFIGURATION & LAUNCH PACKAGING BADF GROUND TEST DESIGN 

The article occupies a length of about 0.5 m in the Shuttle cargo bay when 
packaged with the support structure. The height of the stack of ten stowed 
cells is about 2.1 m. The cross section through one cell is shorn to be 
approximately 0.2 m x 0.3 m. While it may be unlikely the ground test article 
constructed from aluminum would be flown in a flight experiment, similar 
packaging would be obtained with a composite system. Versatility was also 
provided in the design of the ground test article to allow neutral bouyancy 
testing by change of the springs in the vertical struts and addition of 
flotation chambers. 

The ground test article design is also suitable for Orhlter flight 
test experiments with modifications to Increase stiffness at partial 
deployment to accommodate potential Shuttle accelerations up to 0.04 g. The 
use of localized deployment motors on B nodes to shorten cable runs, beef-up 
of diagonals, and fabrication of the structure from graphite/epoxy .would 
reduce tip deflections at 70X of deployment by a factor of ten (to 25 cm). 

Deployable Volumes 

The deployable volume concept evolvrd during Part 2 for the 
habitat module is Illustrated in Figure 20. The large habitat Illustrated in 
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FIGURE 20 

HABITAT MODULE STOWED AND DEPLOYED CONFIGURATIONS 


the figure was chosen for Part 2 study because it illustrates the capabilities 

3 

of the deployable volume concept. The module has a volume of about 1130 m 

3 

(40,000 ft ) and Is sufficiently large to support a 12 man 

habitat /experiment operation in space. The overall dimensions of the deployed 
truss structure are a cylinder approximately 13.3m (44.3 ft.) in diameter and 
11.8m (38.7 ft.) in length. When stowed the truss folds into a diameter of 
about 4.1m (13.3 ft.) and a length of about 13m (49.1 ft.). This allows 
adequate clearance within the 4.37m dynamic envelope of the payload bay for 
wraping the truss structure with the thermal/meteoroid blanket. The total 
length of the stowed habitat is about 16.2m (33 ft), leaving space for the 

Orbiter docking module to be installed to provide both an EVA capability and a 
docking interface with the Space Station. One principal feature of the 
configuration is a rigid core module. The core module is delivered to orbit 
outfitted with essential equipment for crew support and start-up operations. 
It also provides storage space for other structural elements to allow assembly 
of the basic structure in the first Shuttle delivery flight. The core module 
is pressurizable and has a removable aft cone with a 2m square loading hatch, 
allowing transfer of modularized packaged equipment on subsequent deliveries. 
Since these packaged articles can be delivered in a pressurized module, the 
buildup is almost entirely by shirtsleeve operation, and therefore minimizes 
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use of EVA. The modulsrzatlon of equlpaent packaging nlniolzes Installation 
tasks. The core module also provides a rigid structure for Interfacing the 
Shuttle cargo bay during delivery and for providing a rigid backbone for the 
deployed volume. The surrounding main volume area Is an Inflatable pressure 

bladder, similar to the Part 1 concept except that the bladder Is a 

cylindrical ai.r>ulus rather than a hollow cylinder. The four decks provide for 
three levels In the large volume for crew accormodatlon and mounting of 
equipment. Four docking hatches are located around the periphery of the 
deployed volume, and allow Interface with experiment modules and with the 
Shuttle for docking and resupply. 

Figure 21 further Illustrates buildup characteristics of the 
deployable habitat module where a pressurized cargo module Is shown docked to 
the aft loading port of the core module. The modularized equipment, transfer 
pathways, and hatch opening sizes for transfer of equipment In a minimal 
amount of time are also Indicated. The design has been evolved to use the RMS 
so that no major special equipment Is required. The other major results 

achieved In Part 2 studies are the ability to Integrate the deployment of the 

pressure bladder and the thermal/meteoroid blanket with the truss structure, 
again minimizing the requirements for EVA. 
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Figure 22 Illustrates the OTV hangar concept developed duilng Part 
2. Slallar to the Part 1 results, the hangar opens In a clan shell fashion to 
accomnodate the OTV. The overall dimensions of the hangar trues structure are 
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OTV HANGAR STOWED & DEPLOYED OONF I CURAT IONS 


23.1m (75. C ft) in length by 10. Im (33.2 ft) in diameter. A rigid core is 
provided in the hangar concept similar to the habitat. The airlock structure^ 
which docks into the Space Station^ is connected to a tunnel structure which, 
in turn, mates an adapter which docks with the OTV. A truss beam, which 
structurally interfaces the tunnel, provides a support for ingress and egress 
of the OTV. Moveable work platforms arc also supported off the truss beam. 
The work platform floors are also constructed of deployable structure and 
stored inside the folded volume. The folded dimensions of the hangar forward 
truss cylinder are 14.3m (47.5 ft) in length by 1.8m (6.0 ft) in diameter, and 
thus occupies only a small portion of the cargo bay. The forward section of 
the clam shell and the hinged aft section of the clam shell are stored in the 
cargo bay as separate cylinders. The OTV hangar may be operated as a 
pressurized or unpressurized version. The pressurized version with the 
bladder Installed is illustrated in the figure, showing the bladder interface 
with the central c<re struct«ire in the airlock area. Each bladder half is 
provided with a support ring and seal at the clamshell opening on the forward 
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and aft aectlona. The folded configuration of the aeal ring is shoi#n atored 
on the inside of the folded truss structure. The OTV configuration sketched 
in the figure is representative of a projected version of a reuseable OTV, and 
is one of the larger sizes expected to be used with the hangar. In the aft 
portion of the clan shell storage space is provided for such itens as spare 
ballutes or engines. A platfora for storage is also indicated. A second 

airlock is installed in the aft ciaoi shell, which is necessary for an 
alternate egress path when the hangar is used in its pressurized version. 
Similar to the deployable habitat, the deployable hangar has the bladder and 
the external thermal/meteoroid insulation blankets preattached. These deploy 
with the structure. However, subsequent to deployment, RMS operation is 
necessary to install the airlocks on both the forward and aft ends. A 
combination of RMS and EVA operation Is also required to unfold and install 
the bladder seal ring structure. The launch storage concept in the Shuttle 
cargo bay makes use of a core canister internal to cylindrical truss 
structure, similar to that used with the deployble habitat. The canister 
diameter is approximately 1.3m. Part of its structure is the docking tunnel, 
and this diameter is continued through the entire length of the truss. End 
plates are provided to support the canister during launch, providing a rigid 
backbone for launch loads. Stored inside the canister are the folded work 
platforms illustrated by the small circle inside the canister in the figure, 
and the folded rail support beams. A rigid docking ring guide f.s also stored 
inside the canister. It should be possible to deliver and erect the hangar in 
a single Shuttle flight. 

The BADE truss structure was found to provide the best overall 
compatibility with both deployable volumes, and permits integral attachment 
and deployment of the external thermal/meteoroid blanket and the pressure 
bladder. Excellent micrometeoroid and debris protection is inherently 
provided by the blanket/truss/bladder configuration, resulting in a 10-year 
probability of no habitat meteoroid penetration of 0.998 for meteoroids and 
0,95 to 0.975 for debris (1978 model), depending on whether radiators are 
added to the outside diameter. Shielding from space radiation is adequate for 
low inclination LEO missions for 180-day crew rotation; additional shielding 
can be added as required. 
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2.0 


GROUND TEST ARTICLE DESIGN 


This section presents design requirements, discusses major design 
features, and sumsiarlses supporting analyses for the ground test article. 
Also Inclosed In this section are reduced copies of the design drawings. 

2.1 DESIGN REQUIREMENTS 

Figure 23 Illustrates the ground test article physical shape and 
dlmenlons and Interface requirements. Table 2 Is a summary of the detail 
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FIGURE 23 

GROUND TEST ARTICLE DIMENSIONAL AND INTERFACE REQUIREMENTS 

requirements for the ground test article design. These were extracted from 
Reference 7, which is the specification for the NASA inhouse Single Fold 
ground test article design of a representative SASP arm. Based on these 
requirements a definition of the utilities bundles for installation in the 
structure was derived and is presented in Figure 24^ which also includes a 
summary of the weight of the utility bundles. 

2.2 DESCRIPTION OF DESIGN 

A series of 11 layout drawings were defined to describe the ground 
test article layout design in sufficient detail. These are listed in Table 3 
and may be used as a guide to the drawings which are contained in Figures 25 
through 35. Figure 25 is also in the nature of a guide in that it is a 
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SUMHARY OF GROUND TEST ARTICLE REQUIREMF.NTS 
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• Orbit«r Carfo Bay, 4.3fw (14 P%) DIa Envalopa 
Mltalty'^mant and Dlatortlon 

• Maaturad batwaan carrlar mtarfaca and platform arm-*o-aupport modulo 
Intarfaca 

• Mai t 1.0* duo to tab tolarancaa. lomt daadband. tharmal distortion, 
Intarfaca mUalipnmant 

• Mai t O.r dynamic Instability dua to cyclic tharmal distortion, anvironmantal 
and Inducad loads, and daadband 

ttructural Strangth 

• Withstand 0.04 g's daployad with two 3636 kg (6000 lb) payloads dua to 
manauvar and raboost 

• Tast articia withstand 1-g horisontal ground daploymant or simulatad 0*g, 
without payloads 

• Adaquata for application of static and dynamic ground test fores application, 
horliontal or vortical (for massura static dafl., load dist., vibration 
charactarlstics) 

• Withstand launch load and vibration anvironmant In compactad form 
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Structural ttiffnass 
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(6000 lb) payloads 
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• Orbitar RMS Installation and ramoval of payload carrlar 

• EVA backup rola only 
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connactors (flight artIcIa) 

• ESA pallat nominal as payload carrlar, modiflad to contain carrlar portion 
of Intarfaca 

Payload Utllltlas Accommodation 

• Saparata alactrical hnrnass and fluid Unas to aach uf four payload Intarfacas 

• Elactrical harnass: 4 aach 1/0 20 aach ISP AWG 24 

2 aach 6 AWG 4 aach RGSOS/U Coai 

4 aach 12 AWG 

• Fluid Unas: 2 aach 1.0 cm (0.75 Inch) 1.0. Unas 
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FIGURE 24 

DEFINITION OF UTILITIES BUNDLES 


TABLE 3 

221-60182 LAYOUT DRAWING LIST BADF GROUND TEST DESIGN 


Sh( T(t(y DoocrIpU ow 
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2 Longltudlnol/Lotorol Layout Tuba with logo and covar ovar slot 
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pictorial Illustration of the application of various detail layout drawlnga to 
different eieaents of the truss. Figure 35, showing the utilities 
Installation through the nodes, Is also helpful In seeing the overall design 
approach. It shows In an exploded view how the deploy-lnltlate springs are 
Integrated Into the longitudinal and lateral struts at the node pivots, and 
how they encircle and provide protection for the utilities bundles which are 
passed through the center of these coll springs. 

Figure 26 provides detail Information on the lateral and 
longitudinal strut design. These struts are fabricated from s^sndard aluminum 
tubing. A screwed on cover Is provided for Installation of the utilities In 
the assembled structure. Dual pivot lugs are welded Into the ends of the 
struts. The materials selection Is 6061**T6 aluminum which Is the same 
weldable material used on all elements of the aluminum structure. Figure 27 
provides detail on the A node design. The A node Is fabricated from welded 
plates. Also shown In the layout Is a cable sheave Installation and 
Installation of the pins at the dual pivot lugs. Because press fit roll pins 
are used there Is no free notion In the pivots. If high production were 
required the nodes could be made from castings to minimize fabrication costs. 
Figure 28 shows similar Information for the B node. Both A and B nodes have 
screwed-on covers to provide for Installation of the utilities as a complete 
harness In the assembled structure. Figure 29 presents detailed Information 
on the telescoping vertical strut. This strut employs three concentric 
standard gage aluminum tubes. An Elglloy compression spring Is contained down 
the center of the strut to provide deployment energy. A latch release 
mechanism is also detailed on the figure. As Indicated on the drawing the 
Aramld (Kevlar 29) refold-deploy control cable is terminated In a spring clamp 
to control post-tension. Small Teflon balls are Installed In holes drilled 
Into aluminum sleeves located between the concentric tube to provide 
friction-free operation and to avoid motion due to the small clearances. 
Figure 30 provides Information on the diagonal struts which are standard AND 
10140-3002 I-beam extrusions for the bulkhead and side diagonals. The surface 
diagonals are solid square aluminum rods. Also Indicated are the bulkhead 
diagonal base ends showing their position relative to the A nodes, and also 
showing the l.nstallation of the air bearing supports. 
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The Instelletlon of the ceble reel with « representative gear box 
and coupling design Is shown In Figure 31. It Is on the blukhead diagonal at 
Ihe truas baae, and winds all the cablea on one reel. A level~wlnd siechanlan 
la Included to Insure reliable and repeatable winding of the cablea. A torque 
ans on the threaded reel spindle Is adjusted to stop the reel when the proper 
cable travel la obtained for both deploy and refold. In Figure 32 an 
Isosietrlc drawing shows the cable routing diagram. Notes on that drawing 
provide detail Information on rigging the cablea. A total of 31 cables are 
used which are routed down one side of the truss through the reel hub slot and 
back up the other side. The 0.86 mm diameter Kevlar 29 cablea have a 90 kg 
breaking strength. This 90 kg Is well In excess of the 27 kg maximum which Is 
applied In post-tenslonlng the cables. A slip clamp has been designed and a 
feasibility test run to show that the 27 kg maximum can be controlled In this 
fashion. 


Figure 33 shows the payload Interface layout. Autolock couplers 
are used on each of the four Interfacing nodes at a payload station. Utility 
connectors are also Illustrated on the diagram. The Installation procedure Is 
that first the mechanical coupling Is completed, then a special device with an 
electrical pull In screw mates the utility connectors. Such a device was 
conceptually designed during Part 1 and presented In Ref. (3). For ground 
test this cr-;ild be carried out manually to avoid development costs for the 
device at this time. Figure 34 shows the revisions to the NASA-HSFC base 
structure required to Interface the BADF ground test article. These revisions 
are minor and require adding two load cells as well as some other detail 
changes Illustrated on the drawing. Table 4 presents the weight summary of a 
BADF ground test article. Each Item Is first listed and are then summed to 


TABLE 4 

WEIGHT SUMMARY BADF GROUND TEST DESIGN 
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the unit weight per cell and per bulkhead, which ia finally aummed to the 
total weight of the truaa. The truaa total weight la the aum of the 10 cella 
plua one bulkhead and ia about 84b Iba. 

2.3 STRUCTURAL ANALYSES 

Figure 36 ahowa the two arrangeoenta of the ground teat article 
that were evaluated for loada aa defined in the Requlrenenta Section 2.1. The 
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FIGURE 36 

DEPLOYED TRUSS ARM CONFIGURATIONS ANALYSIS FOR STRESSES 
FROM 0.04g ORBIT APPLIED ACCELERATIONS 


resulting evaluations provided the shear moments and torsion loads as listed 
In the figure . Each element of the structure was evaluated for these loads 
with the results that positive margins of safety were obtained in all cases. 

Table 5 shows the results of the structural analysis. The minimum margin of 

TABLE 5 

STRUCTURAL STRENGTH AND STIFFNESS ANALYSIS ORIGINAL PAGE fS 

GROUND TEST ARTICLE (FULLY DEPLOYED) POOR QUALITY 

. Minimum Margins of Safety for Orbit Applied Accalaratlons ara 0.70 In. SIda 
Diagonal, 0.38 In. Lug Bearing 

. Daploymant of Arm Under I.Og Results In a 0.91 Minimum Margin on the SIda 
Diagonal. 

. For the 4.5g Shuttle Emergency Landing Condition, A Margin of 3.76 at 
Diagonal was Determined for the Stowed Position. 

. Payload and Orbiter Berthing Loads Result In a Minimum Margin of 0.41 at the 
Boss Support Plate Weld. 

. Bending Stiffness of the Cantilevered Arm with End Payload, 

El« 5.05 1 10’ N.m^ (1.76 i 10'» IbHn' ) 

. For the Same Condition, the Fundamental Freguency was Calculated at 
0.366 Ha. 


. Torsional Stiffness, OJ » 9.18 i 10* N.m^ (3.20 i 10* Ib-ln^ ) 


safety due to Orblter flight ecceleratlone was 0.7 In the side diagonal and 

0.36 In lug bearing. Other margins are listed for 1-g operation, Shuttle 

emergency landing condltlona, and for payload and Orblter berthing loads. The 

7 2 

bending stiffness was calculated at an El value of 5.05 x 10 Nm . The 

corresponding fundamental frequency Is 0.365 Hz. In torsional stiffness a CJ 
6 2 

value of 9.18 x 10 Nm was calculated. 

An analysis was also performed of the stiffness characteristics In 
the partially deployed configuration, as this would be significant In a flight 
experiment. Figure 37 shows the situation analyzed. The configuration was 
with the diagonals at a 45*^ angle, which Is about 70Z deployed. A NASTRAN 
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FIGURE 37 

NASTRAN MODEL OF PARTIALLY DEPLOYED 10-CELL TRUSS 

model consisting of 239 structural elements and 106 grid points was 

constructed and evaluated. Figure 38 summarizes the results of those 
evaluations and pictures the first three modes. Figure 3^ defines the 
coordinate system used. The first more, Z-axis bending, has a frequency of 
0.08 Hz. In Y-axls bending a frequency of 0.25 Hz was obtained. In the 

extenslonal direction, mode 3 frequency was found to be 0.36 Hz. The other 
frequencies through mode 10 are listed on the figure. Figure 39 also provides 
tabular Information on stiffness, tip deflection and fundamental frequencies. 
Because rather large tip deflections were obtained under Shuttle Orblter 

acceleration of 0.04 g with the aluminum structure. It was assessed 
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FIGURE 38 

MODES AND FREQUENCIES OF PAl'"! »LLY DEPLOYED 
GROUND TEST ARTICLE - FASTRAN RESULTS 
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FIGURE 39 

RESULTS OF NASTRAN ANALYSIS OF PARTIALLY DEPLOYED TRUSS 
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that Improvenents would be desirable for flight teat. Otherwise, a olaslon 
constraint of no thruster firing during the deployment or retraction sequences 
would he required. To evaluate options that would be acceptable for flight 
test a graphlte/epoxy model was constructed. Figure 40 shows the 

modifications to the design for analysis of the graphlte/epoxy model. The 
crossectlonal area of the diagonals was Increased and a change was made to 
Increase the stiffness of the deployment system. This deployment system 

change was Important because the length of the Kevlar 29 cables provides low 
stiffness In their extenslonal mode. The Improved stiffness deployment system 
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FIGURE 40 

COMPOSITE TRUSS NASTRAN MODEL 


localizes the drive motor at each B node rather than utilizing a single drive 
motor at the base of the truss. The concept was derived in the Deployable 
Volumes portion of the study and Is presented In Figures 49 and 50 of Section 
3.5. Resulting changes to the properties of the truss are also listed In 
Figure 40. Figure 39 shows that the frequencies are considerably higher for 
this new configuration and the tip deflections are 25 cm or less, which should 
be satisfactory for a flight experiment. 

2.4 DYNAMIC AND THERMAL DISTORTION ANALYSIS 

While the Table 2 Misalignment and Distortion specifications are 
interpreted as applying strictly to an actual flight article, since thermal 
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distortions within > 0.1° csnnot be obtained under severe earth orbital 

conditions with an alualnur. truss, tip deflection characteristics under 

dynamic and thermal loadings were calculated In order to bound the expected 

behavior of an aluminum structure were It to be flown. 

With the maximum payloads arranged as previously shown In Figure 

36, and the Table 5 stiffness properties of the BAOF truss ground test 

article, linear accelerations to produce ^ 0.1° tip distortions were 

calculated. An acceleration of 1.4 x 10 g was determined to result In 

0.1® distortion under the Arrangement 1 bending loading, while a 2.2 x 

10 ^ g acceleration Is necessary to result In 0.1 distortion under the 

Arrangement 2 torsional loading. Maximum maneuver accelerations estimated for 

-3 

the Ref. (1) ASASP, for comparison, were estimated to be 1.5 x 10 g. 

Figure 41 shows the results of the thermal distortion analysis. 
First, orbital teaperature transients were considered. TVo thermal coatings 
applied to the truss were evaluated. A thermal coating with approximately 
equal solar absorptivity and emlsslvity values of 0.25 (a leafing aluminum 
silicone) was :;valuated to have a temperature transient of abou*; 22°C as It 
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FIGURE 41 

THERMAL DISTORTION OF ALUMINUM TEST ARTICLE UNDER ORBITAL CONDITIONS 

transverses an orbit. A tube with an anodized aluminum surface having solar 
absorptivity and emlssivlty values of 0.42 and 0.84, respectively, was also 
analyzed. While the maximum temperatures reached with the anodized aluminum 
are lower, the variation from hot to cold orbital conditions is about 33°C. 
If the opposing struts on the truss were shaded, unequal heating could be 
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lapoted and themal distortions would result. With osxiaua uneven besting of 
20 ° to 30°C, snslysls showed the tip of a 14 m long bean (approximately 
the length of the test article) would deflect about 0,3® to 0,4° (3.5 to 
5.5 cm). This would be a cyclic dlstrubance and could provide difficulty In 
payload pointing. If such distortions could not be handled by the payload 
pointing system other strategies might be necessary, such as wrapping the 
struts In multilayer Insulation. A more desirable solution would be 
fabrication of the truss from graphl te/epoxy. 

3.0 DEPLOYABLE VOLUMES CONCEPT DEVELOPMENT 

Future missions such as a Space Station will require pressurized 
volumes for use as crew quarters, manned laboratories, and transfer tunnels. 
In addition, hangars for tasks to be performed on Orbital Transfer Vehicles 
(OTV's) and maneuvering vehicles and/or payloads are projected, and may be 
pressurized or unpressurized. To minimize launch costs and enable use of 
volumes greater than those which can be transported by the Space Shuttle 
Orblter, It Is Important to consider deployable volumes. During Part 1 of 
this study various concepts were evaluated, and the deployable 

truss/lnf latable bladder approach was selected as having major potential for 
deploying large volumes with deployed/stowed ratios as great as 200:1. Part 2 
was Initiated to evolve the Part 1 truss/bladder concept for habitat and 
hangar modules. Emphasis was placed on buildup and assembly considerations, 
where It was desired to maintain the large deployed/stowed volume ratio 
achieved In Part 1 while minimizing the use of EVA and the RMS. Other 
considerations to be addressed during Part 2 Included Orblter packaging and 
launch suitability, compatibility with the Space Station, material suitability 
for lon^r-term duration In Low Earth Orbit (LEO), and mlcrometeorold Impacts. 
Special considerations for the habitat were crew accommodation. Including 
pressure maintenance and radiation shielding; equipment accommodation; crew 
ingress/egress; design redundance; and heat rejection. Considerations unique 
to the OTV hangar Included equipment storage for the OTV ; servicing/refueling; 
Ingress/egresa of the OTV; and provisions of work platforms, lighting, and 
electrical power. In addition. It was desired for both applications to evolve 
concepts for Integrating the pressure bladder and thermal /meteoroid blanket 
with the truss for automatic deployment, and to select the best truss design. 
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3.1 


MISSION SELECTION 


During Part 1 studies the NASA-NSFC Phase III SAMSP conceptual 
denign (Ref. 2) was taken as a representative Space Station vhlch could 
utilize the benefits of deployable voluaes for an OTV hangar, 
habitat /experlaent aodules, and transfer tunnels A slallar concept which 
could iilso benefit la the Reference 8 Space Operations Center (SOC). In 
Figure 42, two other potential alsslons for th* habitat are Illustrated. One 
la a 20-ft dlaaeter aodule currently under study (References 2, 9) which could 
be transported to orbit In an aft cargo compartment attached to the base of 
the Shuttle external tank. This module could be applied a" either a service 
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FIGURE 42 

POTENTIAL MISSIONS FOR DEPLOYABLE VOLUMES 


3 

module or a crew habitability module. Its voli<oe Is about 170 oi (6000 

3 3 3 

ft ), compared to about 113 m (4000 ft ) for a stretched Spacelab 

Module. Use of the deployable volume concept would allow a module of this 
diameter to be easily packaged In the Shuttle Orblter cargo bay. A more 

substantial mission challenge would he a very large Space Station module, such 
as represented by the lOm (33-ft) diameter 12-man Integral Space Station (ISS) 
habltat/experlment module studied through Phase B in the early 1970's 
(Reference 10). This ISS module Is very large, with abcut 1050 m^ (37,000 

3 

ft ) pressurized volume, and four floors for crew and mission 
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acconaodation. Provisions for berthing four Spacelab-llke pressurised 
experiment modules on the sides are also Included. Being significantly larger 
than the Phase HI SAHSP (about 430 m^ (16,000 ft^) habitat /experiment 
area), the ISS module was chosen as a representative large volume which would 
both; (1) demonstrate the capabilities of the deployable volume concept to 
accomplish things using the Space Shuttle which could not otherwise be 
accomplished, and (2) provide a mature (Phase B) design basis which would 
furnish representative mission, subsystem, and crew accommodation designs 
without necessitating detailed subsystems studies under the current effort. 

Representative OTV design concepts were also selected for 
consideration while evolving the deployable hangar. Figure 43 pictures the 
three chosen; Centaur G, Centaur G* , and a reusable OTV concept used in SOC 
hangar studies. These OTV designs differ in size, interface (aft cradle 
support vs docking adapter) and tasks to be performed. 
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FIGURE 43 

REPRESENTATIVE ORBITAL TRANSFER VEHICLES 


3.2 GUIDELINES AND REQUIREMENTS FOR DEPLOYABLE VOLLW.S 

Guidelines and Requirements for deployable volume studies were 
from review of prior large platform (Ref.I) and Space Station (Refs. 
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f 

^ 2, 8, 10, 11, 12) scudles and current considerations. Table 6 contains 

j general guidelines and requirements. Specific structural and mechanical 

1 

ORIGfNAL PAGE fS 
TABLE 6 OF POOR QUALITY 

GENERAL GUIDELINES AND REQUIREMENTS FOR DEPLOYABLE VOLUMES 

- CvoN« d«pk>yabl« bl«dd«r concdpU from bart 1 

- brovid# compatibly for oppAcabon to a wida raapa of omarpind tpaca Station 
coff»capU 

- Conaidar Contaur and raaaabla OTV concapta 
• Contidar: 

. Pratturliad mannad habitat/ a iparlmant modulaa 
. Pratturliad and unpratturiiad OTV hangar modulat 

- Low Earth Orbit (LEO) 

Initial daUvary may ba dry or wat 

- Ratrac!lon not raqukad 

- Compatibla with Shuttia for launch and EVA/RMS oparatlona 

. JSC 07700. VbL XIV - Payload Accommodation Handbook 
. Mai atowad dinianalona: 4.3m (14 ft) Ha anvalopa, with protubarcr.caa 

10.2m (53.26 ft) langth, with docking modula A EVA 
. Mai walghta: 20,485 kg (05, (XK) lb) mai launch 

14,515 kg (32,000 lb) mai plannad landing 
. On-orbIt attached operation: Varnlar thruatara only 

- Conaldar deployable volume dlamatara, langtha, and walghta up to llmita of Shuttia 
compatibility 

- Operational Ufa of 10 yaara with maintananca 

- Craw changaout 00-100 daya 


requirements are presented in Table 7 and Figure 44, and safety requirements 
in Table 8. Berthing loads given in Table 7 are based on RMS capabilities. 
Docking closing velocities presented in that table are from Ref. (1) and were 
based on consideration of prior space experience. Resulting loads depend on 
acceleration rates arising from the docking impact, and the Space Station 
mass. A maximum load of 1360 kg (3000 lb) was calculated assuming a 136,200 
kg (300,000 lb) Space Station with a 0.01-g acceleration. Docking moment 
applied at the interface depends on spring rate of the structure. A limiting 
case moment applied by the Orblter was suggested in Ref. (1) to be 162,700 N.m 
(120,000 Ib-ft), due to Orbiter strength considerations. Since this moment is 
quite high and can be designed around, the current approach taken was to 
evaluate the maximum moment which can be accommodated by the deployable truss 
structure with only modest localized structural enhancement. 

Allocation of functions/equipment among Space Station modules and 
physical/perf ormnnce characteristics of subsystem, experiment, and crew 
accommodation equipment is highly mission and design dependent. 
Representative selections and characteristics were determined from prior 
studiesg with emphasis on the 12-^man ISS for the habitat /experiment module. 
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TABLE 7 


crv.cr'A’- 

OF POOR QUAUTY 


STRUCTURAL/MECHANICAL GUIDELINES AND REQUIREMENTS 
FOR DEPLOYABLE VOLUMES 


. Hablf t / g ap»rm»# wt Hodii U : Nomiiial $ \^ • 14.7 

gm T 9<fi t * » I *• • • ptia 

. OTV Hangar: Unpratturlxpd 

Prataurixad: 6 pala - 14.7 ptta nominal 
6 paia - 4 pala amargancy 

MIcromataorold and Dabria Protection 

. Probability of no panatratlon of 0.95 for 10 yaara 

. Mataorolda par NASA SP 6013 

. Dabria par Kaaalar 1976 modal 

Stiffnaaa 

. FIrat moda fraquancy ^0.1 Hz 

. Dynamic iaolatlon from any high fraquancy rotating aqulpmant 


Strangth 


• Wlttmtand accalaration of 0.02-g during attitude control, rabooat, or Orbitar 
docking with Station 

• Withatand docking Impact of Orbitar with daployabla vokima under conditlona 
of: 

- Cloaing velocity of 0.15 m/a (0.50 fpa) 

- Angular velocity of ^2 dag/aac 

• Withatand berthing impact (uaing manipulator) conditlona of: 

- 182 kg (400 lb) any direction contact load 

- 1627 N.m (1200 ftHb) any diractlon mtarfaca moment 


Hatchaa and Paaaagawaya 


• Minimum 1 m (40 Inch) diamatar (Orbitar *D* hatch) - larger pamilaalbla 


r 




Safety Factora 


• Unpraaaurtzad Struc^aa 


1.5 on ultimata atrangth 
1.1 on yield atrangth 


• Praaaurtad Volume 
(Maivlllc) 


yield « 1.65 x Hntlt praaaura 
burat « 2.0 x limit praaaura 


• Praaaurlzad Vokima 
(QIaaa Window Panaa) 


burat « 3.0 x limit praaaura 


• Praaaurlzad Vokima 
(Flaxibla NonnatalNca) 


burat » 5.0 x limit praaaura 


• PaduiKlarH Window *anaa 


Leakage 

• Atmoapharic gaa leak rata laaa than 3.3 x 10 ^ kg/day/m’ 

(2.0 X K) ^ to day/tt^ 

• Praaaiaa ahai design to facIPtata repair 


T • 
1 

k 

4. 
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TABI.F « 

SAFKTY GUIDKLIKKS AND KEQU 1 KEM>:NTS KOK DFPLOYABLK i/OU»MFS 




• rout«t tfwrioQ both buildup and pormdoonl occupancy 

• Emarponcy EVA IVA aquipmont atowap# allocation m aach prataura laolatabia 
voluma 

• EVA hatchaa opanalthar alda: cloaa m dbactlon of poaittva pfaaaura diffarantlal. 
IVA hatchaa opan althar way: capability for praaaura aquaNiatlon. 

Radundaocy 

• Compartmantation of tha Spaca Station providinp two aaparata praaaurliad 
habitabla vokimaa 

• Radundant aafaty critical aubayatam aquipmant and utlbtiaa locatad In 

aaparata araaa 

• FaMura of a air>pla atructural mambar ahaN not placa craw In immadlata laopardy 



In general, the habitat module was required to fit the prior patterns of total 
volume vs crew size presented In Figure 4S, and the Celentano free volume 
requirements given In Figure 46. 
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FIGURE 4 3 

RELATIONSHIP BETWEEN TOTAL VOLUME OF SPACE STATION 
MODULES AND NUMBER OF CREWMEN 



FIGURE 46 

RELATIVE HABITABILITY FOR 4 MAN/90 DAY MISSION 


Thermal management requirements which have an Impact on the 
current deployable volume study are maintenance of cabin wall temperature 
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within acceptable limits and provision of heat rejection capability. While 
cabin wall temperature is a complex function of both the Environmental 
Control/Life Support Subsystem (EC/LSS) design and the external Insulation 
system design, the only variable which need be addressed here is the 
insulation system. (It can safely be presumed that an adequate EC/LSS will be 
incorporated as long as the deployable volume provides a suitable 
configuration and space to accommodate It.) The design requirement is then 
maintenance of a cabin wall temperature between about IS^C (S9^F) and 
45^C (113^F), consistent with avoidance of condensation and the pain 

threshold, respectively. Within these limits, the insulation must be 
sufficient to avoid major heat loss or gain to the environment. 

Heat rejection requirements are highly dependent on the overall 
Space Station design philosophy and the mission experiment complement. In one 
extreme, all the waste heat is transported to a centralized deployed radiator 
located on a module such as the Power Module. The other extreme Is 
decentralized heat rejection, with each module responsible for its own heat 
rejection. Various shades inbetween are also practical alternatives. 
Missions with a large percentage of high power experiments, such as space 
processing, will have much greater heat rejection requlremetits than, say, 
science experiments. Habitat /experiment module heat rejection requirements 
from some prior studies are about 5 kW for the MDAC Manned Space Platform 
(Ref. 11), about 13 kV for the NASA-NSFC Phase I SAMSP (Ref. 2), and about 35 
kW for the 12-man ISS (Ref. 10). Because of the dcsign/mlssion sensitivity of 
the heat rejection needs, the requirement imposed during the current study was 
to maximize external body area available for radiators, consistent with the 
overall deployable volume approach. 

Another requirement with potential substantial influence on 
deployable volume design is the provision of adequate Van Allen radiation 
shielding to prevent an excessive dose to the crew. The required shielding to 
avoid over-exposure has been the subject of a detailed evaluation during the 
1977 and 1978 Space Construction Base (SCB) space station study conducted by 
McDonnell Douglas (Ref. 12). That study evaluated low earth orbit missions 
ranging from 28.5° to 55° Inclination at orbital altitudes ranging from 
400-500 km. This Includes the range of orbital conditions considered by the 
NASA-MSFC Inhouse study for the SAMSP (Ref. 2) where a reference orbit of 390 
km and a reference Inclination between 28 and 56° was considered. In 
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deflT)lng shielding requirements for the SCB study McDonnell Douglas evaluated 
the radiation dose accumulated by the skin, eyes and bone marrow, and 
determined that the skin Is most difficult to protect. Their studies looked 
at mission durations from 30 days to 90*180 days. The allowable dose was 105 
REM over a period of 90 days or 210 REM for a 160 day mission. This is equal 
to a 1.16 REMs per day allowable dose for the skin. The SCB study considered 
module shielding in the range of 0.5 gm per sq.cm to about 1.4 gm per sq.cm, 
and determined that for an orbital inclination of 28.5^ shielding of 0.5 gm 
per sq.cm Is more than adequate for the 90*160 day mission (only 65Z of the 
allowable dose). That margin allowed sufficient allocation for crew EVA 
operations, where the dose received is much higher. At the 55^ orbital 
inclination and 500 km altitude the condition was much more severe. Their 
study showed that if no EVA were allowed the shielding requirement would be on 
the order of 0.8 gm per sq.cm. From an analysis of the influence of EVA on 
the module shielding, McDonnell Douglas concluded that lor a 55^ orbit at 
450 km altitude about 1.1 gm per sq.cm module protection is desirable. This 
level of protection was In conjunction with a recommendation for additional 
protection for the EVA crewmen, and short and well scheduled shifts. It was 
estimated from their results that 1.3 gm per sq.cm would be required for a 500 
km altitude at 55® Inclination. It was concluded for the current study that 
required protection against the Van Allen radiation is in the range of 
somewhat below 0.5 gm per sq.cm to a maximum of 1.3 gm per sq.cm, as given in 
Table 8. 

3.3 APPROACH FOR STOWAGE, DEPLOYMENT, AND BUILDUP 

The trade tree shown in Figure 47 was constructed to evaluate 
options for buildup of the deployable habitat. Many of the considerations 
also apply to the hangar. The first level of options considered was the size 
of the loading hatch to be provided for on-orbit installation of internal 
subsystems and equipment. The standard 1 m docking hatch requires minimal 
space in the cargo bay, but severely restricts the size of equipment packages 
which can be loaded through it. A rigid 4 m hatch represents about the 
largest sl«:e which can be stowed in the cargo bay, is big enough for passage 
of all equipment foreseen, and allows limited modularization. A full diameter 
clamshell permits RMS installation of large groups of equipment mounted on 
skids, but requires working in an unpressurized environment. 
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TRADE TREE FOR PACKAGING CONCEPT 



















The second leve^ of options considered was the stowed dlaoieter of 
the truss structure, either as small as possible to minimise volume In the 
cargo bay, or as large as possible (consistent with the available cargo bay 
payload envelope) to permit stowage of equipment Inside the retracted truss. 
Hie large stowed diameter also facilitates combined use of the central 
structure for both equipment mounting and as a rigid backbone to support the 
truss/bladder structure In the cargo bay. 

The final level of options considered was whether to stow 
equipment (for subsequent Installation Into the deployed volume) In a 
pressurized container or an open pallet. Either option allows some 
modularization and use of skids, depending on loading hatch size selection. 
The pressurized container facilitates shirtsleeve transfer during buildup, 
while an unpressurized pallet is more compatible with RHS aided operations but 
requires EVA. 

The options selected, indicated by check marks on the figure, were 
to stow equipment In a pressurized container concentric *.«itnln the stowed 
structure, and to provide It with as large a loading hatch as possible. This 
rigid core container serves both as a storage space for structural elements 
required for Initial habitat deployment/assembly, and as a fully outfitted 
habitable core module which will permit limited activation of the deployed 
volume upon its initial Shuttle delivery flight. 

For the deployable hangar, a somewhat different stowage 
configuration was selected because it was necessary to provide slde-by-slde 
mounting of the folded cylinder halves In the cargo bay In order to deliver 
the entire hangar in one flight. While the idea of mounting equipment 
concentric within the folded truss was retained, the 1.27m (4.17 ft) diameter 
tunnel was chosen as the structure to define the core coiMiner diameter. 
Pressurization of the container Is not needed. This led to separately stowed 
1.65m (5.43 ft) diameter airlocks, packaged parallel to the folded hangar 
truss sections in the cargo bay. RMS/EVA installation of the airlocks 
subsequent to hangar structure deployment Is required. 

3.4 SELECTION OF TRUSS OONCEPT 

At the close of Part 1 of the study two bidirectionally folding 
truss concepts had been examined. One, the Biaxial Double Fold (BADF) truss 
was evaluated as an extension of the concept used for the deployable truss 
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beam. It was possible to obtained deployable volume diameter ratios between 
about 8:1 to 16:1 with this truss, as Indicated In Figure 48. There Is also a 
length change w.'th the BADF truss as the volume Is deployed (length shrinks at 
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FIGURE 48 

CAPABILITIES OF DEPLOYABLE TRUSS OPTIONS 


\ 

a ratio somewhere between 1.17 :1 and The other truss candidate was 

the Martin Marietta Box Truss. With the Box Truss It Is possible to deploy 
volumes with diameter ratios between 7:1 and 13:1. Its length does not change 
with deployment. As Indicated in Figure 48, either of these trusses can 
deploy Into a cylindrical shape or Into a round or square plate truss; or they 
can be designed to deploy Integrally Into a round tube with an end plate. The 
BADF can be arranged with the diagonals oriented at selected angles to tailor 
the length change during deployment. In the current conceptual development 
effort It was desired to examine the features of both truss concepts and 
select one for further development. Table 9 makes this comparison. In 
addition to the difference In length change of the two concepts, it is shown 
that the Martin Box Truss requires actuation at each node where the BADF 
requires actuation at every other node. The Box Truss has knee Joints on both 
longitudinals and laterals, as compared to one piece longitudinals and 
laterals on the BADF resulting In about 33Z fewer Joints In the load paths. 
Each of the truss concepts can accommodate utility Integration; greater 
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TABLE 9 


SELECTION OF TRUSS STRUCTURE FOR DEPLOYABLE VOLUMES 
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capability for this integration exists for the BADF. A selection to pursue 
the BADF was made, mainly because of its capability for tailoring the length 
change during deployment to match the length change of the bladder, thereby 
facilitating integration of the bladder directly with the structure. 

3.5 TRUSS DEPLOYMENT CONCEPTS 

Because of the many cells involved it is not practical to deploy 
the truss volume with a cable system originating at one point, as was done 
with the truss beam. Figure 49 illustrates one of the concepts evaluated for 
deployment of the deployable volume truss. This concept utilizes multiple 



MULTIPLE MOTOR/CABLE REEL CONCEPT FOR DEPLOYING LARGE BADF TRUSS 
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synchronous nocors, one locsCed st esch B node snd controlling four csbles 
esch. Tills provides highly locsliscd deployaent snd rctrsction forces to s 
few short csbles, coapleting clrcuaventing probleas of csble stretch. The 
design slso features significant redundancy. If a aotor were to fail, spring 
energy on the surrounding nodes (also acting to unfold the saae diagonals) 
would provide sufficient force to overcoae the hangup. Since there are three 
or four nodes surrounding each individual node, a sufficient force is 
available to overpower a failed aotor/cable reel. A cable clasp design has 
been Incorporated to allow slip of each cable at a certain level selected to 
avoid damage. Figure 50 provides additional detail for the multiple aotor 
cable reel concept showing the small synchronous motor and worn gear drive 
mounted on the side of the vertical strut. Four cables are actuated through a 
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FIGURE 50 

MULTIPLE MOTOR/CABLE REEL CONCEPT FOR DEPLOYING LARGE BADE TRUSS 

grommet by a synchronous motor/vorm drive mechanism incorporating a turn 
limiter. A single variable frequency-*source powers all the motors. An 
alternate concept is pictured in Figure 51 » where multiple motors are again 
used but the mechanism is now located on the A nodes and a Jack screw actuates 
a linkage and releases a deployment lock. If a motor stalled in this concept 
it would be overpowered by the 3 or 4 adjacent motor/mechanisms operating in 
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FIGURE 51 

MULTIPLE MOTOR /MEGHAN :SM CONCEPT FOR DEPLOYING LARGE BADF TRUSS 

parallel with it, and shear the pins in its drive cranks. Because of the 
linkages involved and the short moment arms they act through, this 
motor/nechanlsm concept does not provide the overall stiffness to the deployed 
structure that the localized cable concept of Figures 49 and SO provides. The 
mechanisir of Figure 51 also precludes Internal utilities routing through the A 
nodes . 

3.6 CONCEPT FOR FOLDING AND DEPLOYING OF BLADDER AND INSULATION BLANKET 

A concept for preattaching the bladder to the deployable truss and 
deploying the two simultaneously Is Illustrated In Figure 52. The figure also 
shows attachment and deployment of the external Insulation blanket with the 
truss. The fully folded configuration. Illustrated In the center of the 
figure, shows a bladder pleated longitudinally and folded concentric with the 
canister core module, and a similar Installation of the pleated external 
thermal/meteoroid blanket A blowup of this configuration Is illustrated by 
the arrow. Half deployed, the pleats begin to unfold and, finally, at full 
deployment the pleats have totally unfolded a"id form a smooth surface. Since 
both the bladder and the struct . re change length when deployed, it Is possible 
to attach the bladder and external blanket to the structure only at one 
longitudinal station; this Is done In the center of the structure to a single 
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FIGURE 52 

PERIFERAL EXTERNAL BLANKET AND BLADDER FOLDING /DEPLOYING 

row of A nodes. The blanket Is pushed fully open by the deploying truss 
cyllnderi while the bladder oust be fully opened by low gas pressure. 
Remaining attachments to the structure are then made by IVA and EVA. 

A scheme for folding the thermal /meteoroid blanket end discs is 
illustrated in Figure 53. The radially pleated blanket is attached to the 
truss at the outer A nodes. The balance of the pleated blanket is then rolled 
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FIGURE 53 

EXTERNAL BLANKET FOLDING - END BLANKETS 




around Che core extension as Che outside diameter is reduced dut>nu folding. 
As the truss structure deploys the pleated end blankets automatically unwrap 
and expand to cover the end structure. 


4.0 CONCEPTUAL DESIGN 
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The selected habitat and hangar concepts are described in this 
section with infonnation provided on the operational aspects of delivery and 
buiHup as well as packaging Information and information on the detailed 
structural characteristics. The section is closed with a summary of 
supporting analyses performed to verify the concepts. 


4.1 HABITAT CONCEPTUAL DESIGN 

4.1.1 Concept Description for Delivery and Safery 

Figure 54 pictures the concept for initial delivery and buildup of 
the deployable habitat. It is assumed that a Space Station is already in 

orbit. A Space Shuttle carrying the habitat module and outfitted with a 
docking module rendezvous with a Space Station and docks to it. Subsequent to 



FIGURE 54 

INITIAL DELIVERY AND BUILDUP OF DEPLOYABLE HABITAT 

docking, using the RMS, a rotary Joint Interface is berthed to one of the 
docking ports on the Space Station. Following this the habitat is bertl to 
the other face of the rotary joint, again using the RMS. The purpose of the 
rotary joint is to allow the deployable habitat to be positioned within reach 
of the RMS for addition of external subsystems and elements. Once the 
berthing of the habitat module to the Space Station has been accomplished, it 
is deployed. This deployment is accomplished by a combination of the 
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structural deployment system releasing its energy and light pressurization of 
the annular bladder in the habitat. To provide for this light pressurlzat lon» 
openings in the habitat for hatches are covered with a temporary seal. After 
the initial deployment is accomplished, crewmen enter the bladder area and 
complete the interfacing of the bladder with the truss structure by IVA. 
Next, the docking hatches are removed from the cargo bay and installed in the 
four external locations using the RMS. At the same time an IVA crewman 
completes the seal between the hatch and bladder on the inside of the 
deployable volume. The system is then checked for pressure integrity. 
Following this the subsystems contained in the core module are activated and 
checked out. At this point the securing of external items such as the 

insulation blanket is completed. Next, the floor structures and airlocks are 
Installed. The initial delivery is now terminated by undocking from the Space 
Station and returning the Shuttle to earth. The second Shuttle delivery is 
pictured in Figure 55. The Orbiter carries up a cargo module which is 
pressurized and about 4.3m (14 ft) in diameter by 15.2m (50 ft) long with an 



FIGURE 55 

SUBSEQUENT DELIVERIES AND BUILDUP OF DEPLOYABLE HABITAT 

3 3 

Internal v lume of about 200 m (7000 ft ). A docking module is fico 
installed in the Shuttle. After rendezvous with the Space Station, the 


Shuttle docks into one of the experiment ports on the side of the habitat 
module. This provides access to the conical airlock cargo port on the aft end 
of the deployable volume. Using the RMS» this airlock Is undocked from the 
habitat module and berthed onto the berthing adapter on top of the cargo 
module. The purpose of storing the conical airlock on the cargo module Is 
two-fold: 1) It provides a convenient location and 2) It provides an emergency 
egress route for crewmen In the cargo module In the event of an accident 
during assembly and unloading. Again using the RMS» the cargo module is 
berthed onto the end of the core module of the habitat. Hatches In both the 
cargo module and the core module arc approximately 2m (80 In) square to 
facilitate transfer of modularized cargo. A pressurized environment Is 
provided to allow shirtsleeve operations. In addition, small articles which 
are stored In the Orblter cabin can be transferred through the docking 
tunnel. An analysis of the equipment to be loaded Into the deployable habitat 
Indicates .lat one cargo module loaded at about a O0% volume packing factor 
can carry the entire Internal equipment In one load. External equipment Is 
also Installed on the habitat module at this time, depending on available 
space In the Shuttle cargo bay for transport. Major items that require 
Installation Include tankage for nitrogen and oxygen which would be placed 
Inside the deployed truss structure area on the end caps, radiator panels, and 
externally mounted subsystem components such as those for the freon coolent 
loop The tankage mentioned is In addition to a smaller quantity of high 
pressure gases stored on the exterior of the core module on the Space Station 
end. Because of the low density packing required In the cargo module. It may 
be desirable to reduce Its diameter and provide more space for transport of 
radiator panels and subsystem Items. The types of radiators that could be 
applied would be body mounted radiators using the con&tructable radiator 
concept currently under development by NASA-JSC. This would entail 

Installation of fluid manifolds at either end of the deployed habitat cylinder 
and then mating long heat pipe panels Into the fluid manifolds using a contact 
heat exchanger Interface similar to that also being developed with the 
constructable radiators. Once the Items are all transfered from the Shuttle 
to the habitat, the cargo module Is repositioned and loaded In the Shuttle 
cargo bay and the conical airlock Is reberthed to the core module. The 
Shuttle then undocks and returns to earth. 
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Further etudles are required to determine If It la possible to 
carry all the external and Internal equipment In the second Shuttle flight. 
Depending on orbit selection, launch weight nay exceed Shuttle capabilities. 
Although no system weight studies were u.ade It Is likely that the habitat 
weight would be In the 54,500 kg (120,000 lb) range of the ISS. If the 
delivery weight could be evenly divided between flights, and an allowance of 
1360 kg (3000 lb) were made for the docking module, the combined weight of 
28,600 kg (63,000 lb) Is marginal In any case. It may be that a third flight 
Is necessary to completely outfit the habitat module. 

Important elements of the large habitat module are Its safety 
features. Illustrated In Figure 56. One element Is compartmentatlon Into two 
separate pressurlzable volumes. The second Is dual egres ' .'t several levels; 
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FIGURE 56 

OVERVIEU' OF DEPLOYABLE HABITAT SAFETY CONCEPT 


between decks» between volumes^ and from each volume. In order to enable 
repairs to be made on orbits an IVA airlock between volumes is provided. The 
larger volume, , is the main living and experiment area. The second core 
volume, V 2 , serves the purpose of a refuge and is outfitted for twenty-o-^ii. 
days with consumables, crew accommodations, control and communications, 
emergency equipment. This smaller volume, can also serve as a radiation 

shelter during storms. Another safety feature is the provision of redundant 
critical subsystems. This applies both in component redundancy in the major 
subsystems for and V 2 » and in the total redundancy in subsystems 
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between and ^ 2 * providing V 2 with a limited redundant operational 

capability. 

4.1.2 Allocation of Functlona 

The general arrangc^ment of the habitat la llluotrated In Figure 
57. The core module, pictured In cross-section, shows a large entrance door 
at the airlock end and a second large door separating Volume 1 and Volume 2. 
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FIGURE 57 

HABITAT GENERAL ARRANGEMENT 


These are the 2m (80 inch) square hatches for transport of modularized 
equipment. The arrangement of functions between the various elements of the 
main volume, is shown. Subsystem equipment and bulk storage is provided 

in the half-tnrous volumes at either end of the bladder. The three floors 
have functions allocated as indicated on the figure. These were derived from 
the allocation of functions between four floors in the Ref. 10 Integral Space 
Station study. That reference was also used to define the complement of 
equipment and the volumes involved. Figure 58 shows the deck arrangements for 
this equipment, which are representative but not optimized. Some of the 
features of the arrangements include four docking hatches on the lower deck, 
one served by an -airlock which provides both emergency EVA and also experiment 
functions. Passageways are provided on either side of the core to allow 

interdeck transport in the event of emergency, as well as convenience. A 
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FIGURE 58 

^AIN DECK ARRANGEMENTS 


larger opening with a removable section Is provided on each floor to allow 
relocation of large equipment as mission evolution proceeds. Staterooms and 
facilities are provided for a crew complement of twelve. 

The core module. Volume V 2 , functions are tabulated In Table 
10. It provides a rigid backbone with preassembled subsystems for startup and 


TABLE 10 

CORE MODULE CONCEPT FOR HABITAT SECONDARY VOLUME V 2 


Pro¥ld«t Rlgkl Bsckbon« 

. launch pscksglna and paNat Intarvaca 
. main structufal mambar on-ofbd 

Pra-Astamblad Subsystams 
. startup oparatlons from V. 

. backup control cantor 
. backup subsystams lor llmitad oparatlon 

Control Utllltlas 

. redundant utllltlas trunk tunnals 
. annular planum *or y ECS ducting 

Rafuga Vokima 

. 21-day provisions for 12 man craw 
. storm shaltar 

. parsonal aquipmant for amargancy rascua 
. EVA IVA capability 
. II' tad rapair capability 

Launch Stowage To Support V, Oaploymant/Eraction 
. floors and callings 
. ducting 

. alactrical and fluid llna bundles 
. airlock 
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backup, redundant utility trunk tunnels, and a convenient annular plenum for 
environmental control system ducting for the main volume, In addition, 

it provides a refuge volume with limited repair capability and serves a second 
purpose as a stowage volume during deployment and assembly. A layout of V 2 , 
approximately to scale, is given in Figure 59. Since it must serve as a 
refuge it is important to provide adequate free volume for 12 men. The layout 



LAYOUT OF CORE MODULE SHOWING PRE-INSTALLED SUBSYSTEMS 

AND FURNISHINGS 

3 

was based on the Celentano free volume criteria of a minimum of 3.26 m (115 
cu.ft.) per man for useful capability for a limited time period. The plan 
view at the top of the figure shows the two redundant utility tunnels 
containing the utilities to support both and V 2 * It also indicates the 

annular area at the outside of the core providing a plenum for air 

distribution. During normal operation the hatches between and V 2 are 

open and the air is circulated between both. Valving is provided to seal off 
the ducting in case of an emergency. A separate limited duration air 
revitalization system is provided to support V 2 and startup/emergency 
operations in V^. The sleeping quarters for 12 consist of sleeping bags and 
privacy curtains that can be retracted to provide additional isle space. 
Hygiene areas are shown as are the control areas, galley, workbench, and 
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environmental concrol/llfe support system dedicated areas. This layout 

provides a total free volume (with the privacy curtains retracted) of about 
3 3 

40.1 m (1415 cu.ft.), or about 3.34 m (118 cu.ft.) per man for a twelve 
man refuge chamber. 

4.1.3 Structural Design and Assembly 

Using the selected Biaxial Double Fold truss, geometric studies 
were conducted while varying the number of cells In the truss hoop from 28 to 
80. Five geometric combinations of hoop and end plate truss cell numbers and 
sites which can be folded and deployed while connected together at the A and B 
nodes were determined. Figure 60 shows the 68 cell hoop selected for the 
habitat deployable truss structural configuration. There are 212 cells In the 
end plates. This configuration was selected as the best compromise between 
deployed strength and folded compaction. 
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FIGURE 60 

HABITAT DEPLOYABLE TRUSS STRUCTURAL OONFI ORATION 

Figure 61 shows the structural concept selected for the deployable 
deck design for the habitat module. The Biaxial Dounle Fold truss concept was 
again used» and each deck was subdivided Into four pie-shaped sections. The 
four sections are cut at 45^ to the square cells because nodes can be split 
at 45® without any duplicate parts In parallel when sections are joined to 
complete the truss. The fxo'-’T are attached to both the core module and the 
truss cylindcig whicl are alreijjy connected together by torsion In the bladder 
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FIGURE 61 

DEPLOYABLE DECK DESIGN FOR HABITAT MODULE 


and by external connectors at each end. Therefore » no surface tension 
diagonals are used to provide floor truss shear stiffness, which would be a 
redundant load path and could possibly cause problems In floor support 
alignment due to tolerances. The floor truss will provide a 13.2 cm (6 Inch) 
grid pattern of nodes with an attach socket In each node. Mounting equipment 
at any location Is possible by orienting attachment patterns In the base to 
match the floor gird. Floor truss thickness Is also 15.2 cm (6 Inch), and the 
area compaction ratio Is about 36:1. A flooring mesh, as shown In Figure 62, 
covers the 13.2 cm space between the truss struts to provide a defined surface 



FIGURE 62 

FLOOR/UTILITY INSTALLATIONS FOR DEPLOYABLE HABITAT 
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and to allow boot interface. The oppoalte aide of the floor truaa aupports 
utllitiea harnesaea and condulta, air ducta, and light flxturea for the 
compartment below. Theae are covered with a falae celling to form a 
llght/alr/aound/prlvacy aeal between compartmenta. The floor truss structure 
la attached to the central core at one point and then la expanded to its full 
diameter ualng spring energy and a simple restraint mechanism. Structural 
connections are then made through the Indicated penetration In the bladder to 
the outer truss, and connections to the core module are completed The 2m (80 
Inch) square opening for transport of equipment Is provided by leaving out a 
section of several cells from two of the four pie shaped truss sections. To 
minimize the wasted space during subsequent operation, an Insert with a 
smaller opening Is added. 

The concept for Installation of the four docking ports Into the 
outside diameter of the deployable structure Is Illustrated In Figure 63. The 
docking port Is Insetted through the truss structure and Interfaces with the 
bladder. In order that the Installation may be accomplished using the RMS, an 








FIGURE 63 

DOCKING PORT INSTALLATION FOR DEPLOYABLE HABITAT 


Autolock > ouplcr Is provided on outer nodes of the truss to interface with the 
docking port structure. Similarly, pin slots are provided to Interface 
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between the docking structure end the truss structure at the Inside dlaveter 
of the truss. These connections are made without EVA assistance. The 

Interface between the bladder and the flange of the docking structure requires 
IVA. A temporary cover and seal Is removed from the opening In the bladder by 
the IVA astronauts and the bladder Is bolted to the flange. A telescoping 

sliding capability Is provided In a collar attached to the truas node 

couplers. The primary docking thrust load Is taken by the bladder. Then 

additional sliding causes the telescoping section to bottom and the excess 
thrust Is shared by both the truss structure and the bladder after the 
overload stops are contacted. The primary bending loads on the docking port 
are taken by the truss structure through the sliding collar due to the low 
bending stiffness In the bladder Interface area. 

Once the docking hatches are Installed and pressure Integrity of 
the bladder Is Insured » additional work Inside the volume can be accomplished 
In a shirtsleeve environment. Figure 64 Illustrates the sequence of 
accomplishing floor and airlock Installation. On the left side of the figure 
the stowage positions are Indicated where the folded floor structure is stored 
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FIGURE 64 

AIR LOCK/FLOOR INSTL - AIR LOCK-EVA FLOOR-SH IRTSLEEVE 


on the back of the 2m (80 Inch) square Intervolume door. The airlock is 

stored for launch In volume V 2 S First, the door is removed from its sliding 
rail and positioned in V^. The upper and lower torous decks are next 


Installed. Following this the slrlock Is transported froa V 2 Into and 
Installed on one of the hatches. The floor Installation la then coaplcted and 
the intervoluae door Is replaced. Not sho%n) In Figure 64 Is the IVA airlock 
which Is also carried on the flrat Shuttle flight and Installed at the same 
tlae the EVA airlock Is Installed. The next step In buildup Is to Install the 
remainder of the floor and utllltiea runa in The floorl'-g mesh Is 

unrolled and placed on the floor. The air delivery duct and the electrical 
and fluid harneaaes are then removed froa V 2 and Installed. The utilities 
are routed to predetermined locations and are pre*-slxed to the right 
dlaenalons upon delivery. 

4 . 2 HANGAR CONCEPTUAL DESIGN 

Three OTV configurations were presented In Figure 43 of Section 
3.1: Centaur C; the Air Force version of Centaur C, Centaur G'; the longer 
NASA version; and a reusable CTV concept derived by Boeing under NASA Contract 
NASl-16088 and used In the Seferi'nce 8 Space Operations Center Study. The two 
Centaur vehicles provide chsracteriutlcs representative of a near term ground 
based cryogenic OTV, while the Boeing concept Is representative of a potential 
unmanned space-based cryogenic reusable OTV. Other potential users of an OTV 
hangar include solid propellant upper stages and a future manned OTV (Ref. 
8). The manned OTV would be considerably larger, estimated In Ref. 8 to be 
about 25 m (81 ft) long by 4.5 m (15 ft) diameter with a mass of 54,000 kg 
(130,000 lbs). With this additional size, and the considerations associated 
with manned operations, the OTV hangar physical characteristics would 
necessarily be Impacted from those required to accommodate the Figure 43 
vehicles. It Is expected, however, that the basic concept derived herein 
would remain applicable. Another vehicle which will play a role In OTV hangar 
operations Is the INS, both as a maneuvering aid for the OTV and payloads 
relative to the hangar, and as an orbital transfer vehicle Itself, acquiring 
and delivering satellites when servicing operations are performed. 

Potential uses for the OTV hangar have been enumerated In Reis. 2, 
8, and 9. For non-reusable OTVs the hangar may find use In final checkout of 
the OTV before orbital transfer *rom the Space Station, and also for payloads 
that are too large to be delivered to orbit with the OTV In a single Shuttle 
mission. In chat situation the hangar may be used for payload/OTV mating 
operations, and It may also be used as a parking facility for the OTV for a 
period of a few weeks while the payload Is delivered by another Shuttle 
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flight. It Is slso possible thst en*orblt fueling of s non-reussble OTV In 
the hsngsr would be needed for future alsslons If s space-based propellant 
depot were available In conjunction with a Space Station. In the case of 
space-based reusable OTV vehicles, refueling, maintenance, and payload 
changeout could take place in the hangar. 

While the pri sent study presusMS that a requirement for an OTV 
hangar exists, some prior studies tiave addressed the question of the 
justification of a hangar based on the benefits that might be derived. Table 

11 suaunarlzes some of the potential benefits of using an OTV hangar. One of 

the main benefits resulting from hangar usage Is the fact that an EVA 
spacesult will not be required with extravehicular visor assembly and full 
thermal Insulation. In order to perform IVA It will only be necessary to have 
a pressure garment and life support system for the crewman (If the hangar Is 
not pressurized) rather than the full Insulation complement. This would 
result In much better visibility and dexterity. Other obvious benefits are 
the provision of a benign environment to work In, which benefits both the OTV 
and possible payloads as well as the crew. Since allowable crew exposure to 
the radiation environment Is limited, the radiation shielding the hangar 
provides will avoid shortening allowed tenure of crewmen on orbit. Another 
advantage is that the hangar provides contali«':*t.nt for Items that may be 
dropped, and facilitates management of refuge or expelled matter from the 
vehicle. If the hangar Is pressurized there are further benefits that 

secure. Because the crew Is operating In a pressurized environment no suit 
will be required and a greatly Improved mobility and dextrlty will result. In 
addition, the lost time due tu pr>'»-!»'eat uing will be eliminated, as will be 

the time required to don the suits. A distinct disadvantage of operating the 
OTV hangar pressurized Is the fact that depressurization during egress and 
Ingress of the vehicle will be required. With a volume of 850 m^ (30,000 
ft ), such as Indicated in our conceptual design^ about 20 tc ‘>0 kW will be 
required to pump down the hangar over a period of about 24 hourb. While this 
penalty appears large^ It may be possible to avoid any real penalty through 
scheduling. Another potential disadvantage of performing refueling, servicing 
and maintenance operations In a pressurized environment Is the potential 
hazard due to spillage or leakage of dangerous fluids. Audltlonal work will 
have to be carried out to determine If a suitable containment concept can be 
Implemented to allow this to be safety done. Another altneratlve mentioned In 
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TABLE 11 

DEPLOYABLE HANGAR GUIDELINES AND PURPOSE 


HANGAR BENEFITS - GENERAL 


Provides benign theroal/radiat lon/meteorold/debrls environments 

• avoids compromise to crew work shifts and tenure 

• protects OTV and mating spacecraft (Including 
extended parking) 

Provides improved visibility 

. 360^ lighting 

• avoids so3ar protective visor 
Improves mobility and dexterity 

• no glove or suit thermal Insulation required 

• untetnered translation acceptable 

Provides containment 

. avoids need for tether on parts and tools 

• facilitates management of refuse and expelled matter 

BENEFITS OF PRESSURIZATION 


Greatly Improves crew mobility and dexterity 
• no pressure suite 

No time lost prebreathing (as applicable) or donning suits 

(but hangar pumpdown time is added to move OTV In or out) 
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Ref. 8 Is that of pressurizing a hangar with an inert atisosphere which would 
provide isost of the advantages previously listed. 

4,2.1 Operstlonal Concept 

Figure 65 illustrates the basic approach for OTV ingress and 
egress. Three Inportant characteristics of that system are shown in the 
figure. Firsti the circular^ cylindrical hangar pivots open like a clamshell 
providing a large opening for the OTV. Second » internal hard structure in the 



FIGURE 65 

CONCEPT FOR OTV INGRESS/EGRESS 


hangar provides a firm mounting for the OTV and consists of a central core 
tunnel for the docking adapter and a deployed truss beam which incorporates 
guide rails. The third element is the docKlng interface, illustrated here as 
a rail guided docking ring. It is shown in use with the reusable OTV, which 
has a docking ring on the forward end. The OTV may either be brought In the 
proximity of the hangar and then flown Into the docking ring or berthed Into 
the docking ring using the RMS. After docking Is accomplished the rail guided 
docking ring Is translated with the OTV Into the hangar and hard docked Into 
the tunnel. As appropriate, additional supports may be made by the dolly such 
as an extension of the dolly under the OTV with arms to pick up the ttunnlon 
mounts already on the OTV for Shuttle interface. Tlie rail guided docking ring 
Is mission specific hardware and would be suitable only for the situation 
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Indicated where the OTV has a docking adapter on the front. Other OTV 
vehicles such as Che Centaur have a docking cradle on the aft end. The 

adapter ring would then be configured to Interface the OTV with a structure 
slallar to the cradle which would, In turn, dock In'.o the hangar tunnel for 
firm support. For sultatlons where payload mating with the front of the OTV 
Is desired, the docking ring would have a configuration which Interfaces 

directly with the trunnions on the OTV or with an adapter situated on the aft 

end of the OTV allowing free space for payload mating. By extending the rail 
support beam further from the base of the hangar, through Incorporation of an 
extension mechanism, other options would become available for Interfacing with 
the OTV. For Instance, the rail guided docking ring In Figure 65, could be 
swiveled on the vertical post supporting It. This would allow rotation of the 
OTV from a position In frost of the docking ring to a position behind the 

docking ring before It Is translated Into the hangar. It could then be mated 
with a dolly carrying trunnion supports and backed Into the hangar allowing 
free space for work on the front end of the OTV. Once the OTV has been 

successfully docked and secured to the hangar structure, the hangar clam shell 
would be closed and the system would be pressurized. This would allow 
entrance of the crew from the Space Station platform element through the 
passageway In the airlock and out through the door shown In the tunnel. If 
the hangar were unprecsurlzed the route would be the sa.;ie but the airlock 
would be used to go from the pressurized platform to the unpressurized hangar 
area. 

4.2.2 Design and Assembly 

Additional details defining the conceptual design configuration of 
the deployed OTV hangar are given In Figure 66. The reusable OTV Is shown In 
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FIGURE 66 

DEPLOYED OTV HANGAR CONFIGURATION 
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the hanger undergoing a refueling operation. The central load carrying 
• tructure is the 1.65 m (5.4 ft) diaueter airlock which ia mated to the 1.27 m 
(4,2 ft) diameter tunnel which, in turn, mates and supports the OTV through 
the docking ring. The deployed rail support beam is also part of the main 
structure. It provides a guideway for the movable work platforms as well as a 
strongback mounting structure for the dolly which interfaces with tlie OTV and 
the docking ring. Hie deployed truss structure interfaces with the airlock to 
provide the structural attachment on the forward end. It is hinged to the aft 
half which is opened «ind closed using dual actu::lors. A second airlock is 
afixed to the aft end of the hangar to provide an alternate egress route 
during pressurized operation should an emergency block egress through the 
forward end ot the hangar. Tlic bladder is attached to the separate hangar 
halves during stowage and is deployed with the hangar. KVA is required to 
install the bladder edge frame (which supports the seal between the halves) 
and the seals between tlie airlocks and the bladder. The external 
thermal/meteoroid blanket is also lolded and deployed with the hangar but is 
not shown in the figure. The work platforms are also BADF deployable truss 
structure as are the storage platforms at the forward and aft ends of the 
hangar. Also shown in the figure are stored spare engines in canisters and 
other small equipment items necessary for servicing the reusable OTV. Wlille 
space is adequate inside the hangat for the reusable OTV and spares shown, if 
a payload were to be mounted to the OTV' additional space could be provided 
possibly by external storage of spares or by lengthening the hangar. While 
sufficient interior space exists for mating numerous payloads to the shorter 
Centaur OTV versions, the extra space would be required for the reusable OTV. 
The length of the hangar is determined by the Shuttle cargo bay length. The 
forward half of the design shown is the maximum length that can be stored in 
the cargo b.iy. The aft half could be lengthened to the same as the forward 
half providing at overall length increase of about Im. Should a still longer 
hangar be required, a second Shuttle flight could be used to transport 
Intermediate sections of about I2m in length each. 

Figure 67 gives additional detail on the OTV hangar (packaging 
configuration. The forward half of the hangar is shown. T!ie configuration 
for the aft half would be similar. A central core cylinder forms the 
stiuctural strong back for supporting the retracted truss in the Shuttle cargo 
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FIGURE 67 

OTV HANGAR PACKAGING CONFIGURATION FOR LAUNCH 


bay and for containing the various equipment Items necessary for outfitting 
the structure. The docking tunnel forms part of this core cylinder. The two 
airlocks are stored parallel to the folded truss as Is the other half of the 
deployable structure. Figure 68 shows the truss arrangement selected for the 
hangar constructural configuration. Tlie end plate consists of 80 cells and 
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FIGURE 68 

HANGAR DEPLOYABLE TRUSS STRUCTURAL CONFIGURATION 

the hoop of 36 cells, selected as the best compromise between deployed 
strength and folded compaction. The non-cublcal dimensions of the cells were 
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chosen to match the bladter length change during folding. At the core of the 
truss short transition structure Is required to Interface with the airlock. 
The detachable circular hoop bladder edge frame Is shown In Figure 69 In both 
the folded and deployed configurations. The stowage location Is given In 
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Figure 67. A crossecf lonaJ illustration is given In Figure 70 showing the 
attachment of the bladder to the frames and showing the seal arrangement. 
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FIGURE 70 


DETACHABLE BLADDER EDGE FOLDING FRAME 
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Installation of the frame onto the deployed structure utlllzeB both RMS and 
EVA operations. The er.cire sequence of operations required for deploying and 
building up the hangar is suo!D)arired in Table 12. 


TA&LE 12 

OTV’ DEPLOYABLE HANGAR BUILDUP 

1. Dock Ofbn«r to eutform 

2. B«rtn Air Lock to PioUorm Elomont (RMS) 

3. Oo(^loy ftrtt Half of Hongoi Modulo, Romovo Forward Coro Support, and 
Inatall Tunnol Eno on A*r Lock (RMS A EVA) 

4 Ooploy Sacond Hall of Hangar Modulo .Connact Py Hir>go and Dual Actuators 
to First Half (RMS A EVA) 

5. RamovaCora Support and Install Air Lock to Sacond Half (RMS A EVA) 

A. Romowa Ramaining Cora Supports and Install Bladdor Edga Framas (RMS A EVA) 

7. Ctosa Hangar and Complata Bladdar Attachmants. Prassurlia Hangar and 
Chock Saals (EVA A RMS) 

8. Ramova Oaployabla Docks and Rail Support Baam from Cora Cylindar and 
Tunnol and Install (Shlrtslaavos) 

9. Pump Down Bladdar, Opon Hangar to Ramova Cora Cylindars and Install 
Spars Equlpmant and Tools (EVA A RMS) 

10. Hangar Is Complata and Raady for Docking OTV 

4.3 DEPLOYABLE VOLUMES ANALYSES 

Several preliminary analyses were performed in support of the 
deployable volume concept evolution in order to assure feasibilltv, to assess 
capability tO meet mission requirements, and to provide design definition. 
The tollowing four subsections summarize these analyses. 

4.3.1 Structural and Dynamic Analyses 

Sizing of the main truss structure, habitat core module structure, 
bladder and thermal/meteorold blanket were all carried out based on all 
mission requirements considerations ^nd evaluated for structural integrity. 
These are presented below with the exception of the thermal/meteorold 
protection which is evaluated in the following Section 4.3.2. The overall 
deployable structure configuration has already been described for the habitat 
and hangar modules in Sections 4.1 and 4.2. The truss members for both cases 
were sized from packaging considerations to be 3.8 cm (1.5 in) diameter 
graphi te/ epoxy tubes. A tube wall gage of about 1mm (0.043 in) was selected 
with the material properties of GY70/934 graphi te /epoxy assumed based on a 
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^ balanced Rymmetrlc 8-ply layup with ^ 10° ply orientations. Those 

1 properties are the saou as determined during Part 1 deployable linear truss 

studies. Its modulus is 260 CPa (37.7 x 10^ psi) and its ultimate 

compressive strength is 330 MFa (48 x 10^ psi). Density is 1.78 gm/cm'^ 1 

I (ill Ibs/ft^). The central core and tunnel/airlock material selection was 

6061-T6 aluminum alloy. The gages selected were 0.32 cm (0.125 in) for the 

j tunnel and airlock areas, and 0.16 cm (0.060 in) for the 11 ft diameter 

central module. Properties of this alloy are an ultimate compressive strength ^ 

I of about 310 MPa (45 x 10^ psl)» ^ modulus of 72 GPa (10.5 x 10^ psi) and 

a density of 2.77 gm/cm^ (173 Ib/ft^). 

( The flexible material selected lor the bladder structural layer 

was Kevlar 49 fabric. DuPont fabric style S-231, which is a plain weave 

material with a thlcknest/ of about 0.025 cm (0.010 in) and a weight per unit 

2 2 i 

area of C.017 gtr/cm (0,035 Ib/ft ), was chosen. This fabric has a \ 

1 

ultimate tensile strength of about 445 MPa (65 x 10 psi). Structural ^ 

i I conaiderat ion& show that a total fabric thickness of about 0.76 cm (0.30 In) | 

; * I 

is required to support the pressure load with a safety factor of 5. This ! 

translates into 30 plys of the fabric for the habitat module. The hangar i 

module requires approximately 0.51 cm (0.20 In) which Is 20 plys. Other than | 

the structural layer just described for the habitat and hangar modules, two j 

i 

other layers were Included in the bladdei. The inside layer, for atmospheric 1 

containment and a flame barrier, wa taken from the Ref. 6 concept and 

t 

consists of the following layup: an inner film of aluminum foil to serve as a 

flame barrier, an adhesive film, a laminate of Capran (I'lylon film) and Nylon 

[ cloth, another adhesive film, a 0.18 cm (0.07 in.) thickness of closed cell 

ethelyene propylene cerpolymer (EPT) foam, an adhesive film, and another 

Capran/Nylon cloth laminate. The outer most layer Is another laminate of 

Capran film and Nylon cloth. The weights per unit area of the three layers 

are 0.0083 gm/cm^ (0.017 Ib/ft^) for the outer layer, 0.51 gm/cm^ (1.04 

Ih/ft^) for the structural layer, and 0.C85 gm/cm^ (0.173 Ib/ft^) for 

the inner atmospheric and flame barrier layer, giving a total weight per unit 

2 2 

area of 0.60 gm/cm (1.23 Ib/ft ) for the total habitat bladder. 

Estimated overall thickness of the habitat bladder is 1.0 cm (0.393 in). The 

hangar bladder differed only In the structural layer, with a resulting overall 

2 2 

weight per unit area of 0.43 gm/cm (0.88 Ib/ft ) and thickness of 0.74 cm 
(0.293 in). 
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Table 13 aumouirt tea the reaults of structural strength analyses 
conducted for the deployable voluoes. Adequate margins of safety were found 
under launch loads, on orbit accelerations, and berthing. Docking loads were 


TABLE 13 

STRUCTURAL STRENGTH ANALYSIS FOR DEPLOYABLE VOLUMES 

LAUNCH LOADS 

. Hlfli ffiarfin of tofoly f«« ttowo^ co«»ff#«KOtloo mitfor OfiiOFOoiicy 
(4.S-9 moi. occolorotlon) 

ON-ORBIT ACCELERATION 

. M«k food duo lo 0 02-9 ' *ll4 hl9h fHor9ln of oofoty lo both Iruto 

otructuro and coro modulo 

. Criticoi polo! It of coro doclil««9 odoptor lolorfoco to tpoco Station 
BiRThlNG 

. Lowott margin of oofaty of 1.3 In trutt/doclilng hatch Intarfaca lr\ 
habitat modulo 

OOCfUNO 

. Undar 3000 lb docking loads modatt local baaf up of doployablo iruct 
It raquirod 

Doclilrig haichat locatad bi daployabla Irutt Nmltad to about SO.OOO ft-lb 
mofttant with modatt local baafup 


found to be most critical. High stress values were determined in the vicinity 

of the docking adapters and the vicinity of the Interface area with the tunnel 

and airlock sections. These high stresses occjrred in the grapMr^i epoxy 

structure. In the vicinity of the side docking adapters on the habitat module 

it was necessary to replace the tubular graph! te/epoxy longerons with solid 

rods. This resulted in the capability to withstand a moment of up to 122,000 

N.m (^0,000 Ib-tt) and to take the 1360 kg (3000 lb) load. In the case of the 

hangar it was also necessary* to increase the crossect ional area of the struts 

2 

to about 4 cm (0.62 in ) both where the struts interface the end airlock 
docking adapter and where the struts interface the forward airlock and 
tunnel. With this modification the 1360 kg (3000 ] b) docking force or the 
162,700 N-m (120,000 Ib-ft) moment could be accepted. 

Table 14 summarizes results of stiffness analyses on deployable 
volumes. Spring rates in bending and extension are given in the table for 
both the habitat module and the hangar. The frequencies are also shown for 
the first modes, which in all cases were significantly higher than the 0.1 Hz 
minimum. 


85 


ORIGINAL PAGE (S 
OF POOR QUALITY 

TABLE 14 

DEPLOYABLE VOLUMES • SPRING RATES AND FREQUENCIES 
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4.3.2 Thermal/Meteorold/Debrls Analyses 

T'nerma’ protection requirements for the deployable habitat and 

hangar are straightforward. The Inner wall temperatures must be maintained 

below the pain thres'.old of about 45°C (113*^F) and above the maximum cabin 

dew point temperature which Is about 16°C (60^F). In addition, minimal 

heat gain and loss through the exterior wall to the contents of the deployed 

volume must be maintained. The approach chosen was to use an Integral 

thermal/ meteoro *d blanket on the exterior of the structure. The current 

Spacelab layup was used as a representative blanket design without detailed 

analysis. Figure 71 Illustrates the approach which requires the same level of 

protection as the NASA-MSFC SAMSP. The blanket thickness Is about 0.5 cm (0.2 

2 

In) uncompressed, and the weight per unit area Is about 0.05 gm/cm (0.1 
Ib/ft^). 

The meteoroid protection approach was also similar to that used in 
t^r 3AH5P design as illustrated in Figure 72. For the current deployable 

volume study that design was modified consistent with differences in 
deployable volume materials and the approach of mounting the blanket on the 
exterior of the truss structure which yielded a greater standoff distance. 


86 


Of POOR 


PAGE IS 
QUAUrV 


• NAiMTAlte V 4t«T .AlM/tOM tu CUVtUirk 09 \AHl«l 

• HAl«TA|fl AALt riHriVArMlg •aUM r*lA tHU^WU l ««*«.! ton* Aaovf *«AAIIItM A»lll UCk 

rciMf uKmtr i« uV« irAriLAt it ii**ii 

APPROACH; 

• INTI JIAL rNLNfN^L/ltt.TtwNO|U tLANtit ON glTINlO# Of ttlNVTlNt 

• »t . PMN. .riM'ltAt LAVir At NtrMtlNTATlVt UCttMIl 



FIGURE 71 

THERMAL PROTECTION APPROACH 
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FIGURE 72 

METEOROID PROTECTION APPROACH 



The enelytlcal reletlonship In Figure 72 Is from Ref. 13. The expr^eelon 

gives pressure vessel wall thickness required to avoid penetration of a 

■eteorold to such a depth that spalling of the back surface occurs. The 

criteria for validity of that expression are that the buaper thickness be 

greater than or equal to 0.04 x neteorold dlasieter and also that the spacing 

between the bunper and wall be less than or equal to 30 x aeteorold dlaaeter. 

No Inprovesent In aeteorold protection la obtained when greater spaclngs are 

used. Based on the blanker layup » the standoff distance provided by the 

deployable truss structure^ and the bladder layup, the meteoroid penetration 

probabilities were calculated using the meteoroid distribution curve given In 

the Requirements (Section 3.2) and the equation given In Figuie 72, It was 

necessary to express the meteoroid thermal blanket thickness terms of an 

equivalent aluminum sheet thickness In order to use this equation. Based on 

the studies of Kef. 8, the thermal meteoroid blanket was estimated to have an 

equivalent aluminum thickness of 0.13 cm. The wall properties were taken to 

be those of the Kevlar-49 fabric and did not Include the other layers in the 

layup (which have much smaller yield strengths). It was calculated that the 

habitat module pressure bladder and meteoroid blanket will stop a 3.23 cm 

diameter meteoroid. The external surface area of the habitat module exposed 

2 

to meteoroids is 786 m . Entering Flguie 44 with a 3.23 cm diameter 

—8 

meteoroid the cumulative flux for all alzes larger la approximately 2 x 10 

2 

Impacts/m -year. With th.it flux and a duration of ten years, using the 786 
exposed area, the probability of no penetrations is 0.998. l*hls very 
high value illustrates one of the benefits of the geometry for the deployable 
volume . 

The Figure 44 debris flux was also considered and the debris 

penetration rharacterist ics of the habitat were evaluated. The debris 

velocity is approximately 10 km/sec compared to ine much higher meteoroid 
velocity of 20 km/sec. However, since debris is largely fragments of 

3 

spacecraft thf* density of aluminum (2.77 gm/cm ) should be representative, 

3 

much greater than the 0.3 gm/cm of meteoroids. The Figure 72 equation and 

its criteria for applicability also predict a debris object of 3.23 cm 

diameter will be stopped by the deployable habitat design. From the 1978 
debris model the probability of the habitat encountering a debris fragment of 
this size or larger during 10 years was calculated to be 0.03; therefore, the 
probability of no penetrations is approximately 0.93. If a space radiator 
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were added on the outside of the thenial aeteorold blanket additional 

iaproveaent in debris protection would result. A typical radiator is 

2 2 

approxlaately 0.3 ga/ca in weight (1 Ib/ft ). Adding the equivalent 
aluainua sheet thickness of 0.18 ca resulting front this radiator weight to the 
blanket equivalent thickness of 0.13 ca rer-u) '.s in the capability of the 
coabination stopping a debris fragaent up to about 8 ca diaaeter. The result 
is now laproved to where the probability of no debris penetration for ten 
years is Increased to about 0.975 and further eaphaslces the advantage of the 
deployable voluae approach for both aeteorold and debris protection. The 
necessity of deploying separate buapers for debris protection, as was done in 
Ref. 8, is coapletely avoided. 

4.3.3 Radlacion Protection Analyses 

As given in the Requlreaents Section Table 8, it was seen that a 

2 

shielding of 0.3 to 1.3 ga/ca is necessary to protect the crew against 

space radiation over a 180 day period. For the habitat aodule in the 

area (outside the inner core), radiation protection is obtained froa the 

bladder aaterial, the exterior theraal aeteorold blanket, and to soae extent, 

the deployable trues structure. In addition extra protection is provided if a 

radiator is installed on the outer diaaeter. The thermal/aeteorold blanket 

2 

provides about 0.03 ga/ca of aass; the truss structure provides an 

2 

equivalent of about 0.06 ga/ca and the bladder provides about 0.6 

2 

ga/cm . The resulting total protection for occupants of Voluae V. is 

2 ^ 
about 0.74 ga/cm . With the radiators added to the exterior of the habitat 

2 

module, the protection is increased to 1.21 ga/ca In the area of the 

radiators. The hangar module with Its slightly less thick bladder jrrovides a 

2 

protection level of about 0.34 ga/cm . It is no*: expected that a 

significant portion of the external area of the hangar module would be covered 
with radiators. These levels of radiation protection should be adequate for 
missions at the lower inclinations and altitudes, such as the reference 

mission for the SAMSP. For a more severe environment an extra layer of 

material, perhaps in the form of a blanket, could be added on the outer 

portion of the structure or the outer portion of the bladder. 

4.3.4 heat Rejection 

2 

An exterior area of about 30u a is available on the outer 
diameter of the cylindrical section of the habitat. If this entire area were 
covered with radiators each with a total emissivity of 0.8, a fin 
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effectiveness of 0.9, s meen rsdlatlng ce^.p<r«ture of 70 F, and a 
envlronffler*:al sink tenperature of O^P, If would be poaslble to reject about 
63 kW. Because of the cutouts necessary for the four docking porta on the 
cyllndiical section, soaewhat lesser area would actually be available. An 

upper practical Halt of 30 kW heat rejection for the teaperatures cited above 
Is probably reasonable. Ulth the deployable habitat concept presented In this 
report the radiators would be added after Jeployaent of the voluae. A 
candidate type of radiator would be a conatructable radiator, which consists 
of a heat pipe eabedded In a radiating fin. Current work sponsored by 

NASA-JSC Indicates that lengths up to about 60 ft are practical for 
conatructable radiators with widths of about 1 to 2 ft. These constructable 
radiators plug Into a contact heat exchanger Interface at the ends of the 
panels. A constructable radiator system can be envisioned which appears as a 
series of slats laying on the outer diameter of the cylindrical portion of the 

habitat and oriented parallel to Its axis. Based on prototype work completed 

on constructable radiator interfaces. It would be feasible to Install these 
radiators using the RHS subsequent to deployment of the deployable volume. 
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5.0 SPKCIAI. TECHNOl.CXiY NEEDS KOR DEPLOYABLE VOLUMF.S 

Thr## of cachnology naada wara idanllflad: docking 

lntarfacaa» aott goods and connactora* Table 15 ahowa two docking intarfaca 
naada which wrra datanalnad to ha laqulrad In the daployabla volume atiidy. 
During buildup a rotating Joint or Indexing Joint at the docking Intarfaca 

TABLK 15 

SPECIAL TKCMNOLOCY NHEDS - DOCK INC INTKKFACES 


I. aoialinf JiMni at Dockiiit irt#«i«ca a«lw«#«i Waaift atailMi 
<iao rclalloM. Afia roUno^Xf p»«mon«a 

. hoMow corp tor crowmoii poppofo poa Iprnporpry wllMtipp umaMIcpI 

pMlIipiPfia Pilprlpcp kipap Pi aocliinf pappipr aup to oo-orait pccpipfptloop 

pf«a bprlMop 


1. OttppI iooffi lf«lpftpclfig Orbitor to SlPlIoo tor Accppp Io Npogpr Xuliayp 
. mocbpolcpl poa pipcirippi plgiipl lolprtpcp 

. OMiy rppobp apployfooot rplrppttoo to pproVt aoclilog pop popHtorvlog 
. witbpipoa lr«lprtpcp looap Pup Ip aocbloa pr*a oo-orbit pccpiorptloop 


hatwean (ha habitat and Station will ba taqulrad tor holding and positioning 
tha daployabla vi^luma. In addition, an oftaat docking boom will ba required 
during hangar buildup to allow acceaa and positioning of tha hangar with the 
Shuttle docked to the Station. Table lb Indicates some ol the needs for sot t 
goods. rioperties and life characteristics of candidate bladder materials 

TAW.K lb 

SrFClAL TKCHN0UX:Y NKF.DS - SOKTCXIODS 


aroppriipp of Cpf«a»apip aipaapf mpiorioip 

• plryclyfpi Pi«a Ibormpl 

• llfp, pi5vlroompolpl Pogrpapllon 

• fipkyrp chpfpclorlpllcp 

• Qpp pppling 

• mplporota pop Ppbvip ppoplf pllor« 

^oiaing pnd rpbfftcpnoo CborpcIorlpUcp (or Sbopod (Iborropl Inpylplloi^ 
bipnPpip pnd blpPPpr) 

• ppllprmng 

• prololyping (or folding pnd doploymonl of poflgoodp pllpchpp 
Io Irypp 

SppIp Dpvpiopmpnl 

• flpalblp pppip for blpPPor Intprfpcp with docking port • IVA 
InplpSollon 

- pppip for hpngpr ring 
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need to be developed, ae well as the folding and fabrication characteristics 
for the shaped configurations that have been developed. In addition flexible 
seals will be needed for Interfacing the habitat bladder with the docking port 
and for sealing the hangar ring area. Table 17 suonarlzes needs for 
connectors. Since the of the habitat will be assembled on orbit, with 
partially built up utilities. It will be necessary to Install numerous cables, 

TABLE 17 

SPECIAL TECHNOLOGY NEEDS - CONNECTORS 

Habitat 

laaiaMatlba of Eloctrical Cabloa, Ab Ooctbia aab Lloolb 
Lloaa bi OoployaE VoKnuo 

. Optimlio lor Eato of loatallatlon of Utilltloa at Buildup 
and Subaoquont Bocontlpuratloii 

Hangar 

. Bofuobng, Proaturliod or Vacuum Environmont 
• contabiniont wf haiardoua apiMt 

air ducting and liquid lines. Connectors for rapid, sure, and easy 
Installation will be required. Ir. the use of the OTV hangar It Is expected 
that refueling and other hazardous fluid transfers will require the 
development of a technique for containment of hazardous spills. 
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6.0 CONCLUSIONS AND RECOMMEhDATIONS 

Tbit section presents conclusions relative to the ground test 
article design and the Fart 2 deployable volusie study. Part 1 conclusions 
were sumnarited in Section 2.0 and presented in detail in Ref. (3)» 

6.1 GROUND TEST ARTICLE DESIGN 

1. Layout drawings have been cosipleted for the RAPF ground test 

article. The article neete all requireaents of the NASA 

specifications. 

2. Simple Intefaces have been achieved with existing NASA-MSFC 
air hearing facility frictionless platfonsi and a minimum of 
changes wlil he required to accommodate the Biaxial Double 
Fold test article. 

3. Uhlle the ground test article is designed for testing on an 

air bearing platform, it is also suitable for modification for 
neutral houyancy testing. Modifications to the springs in the 
vertical struts and the addition of floatation chambers would 
be required. 

4. The basic ground lest article is also suitable for Orblter 

flight test experiments with some modifications. It would be 

highly desirable to Increase the stiffness at partial 

deployment to accommodate potential Shuttle accelerations of 
0.04 g. This can be accompl Islied by using localized 
deployment motors on 8 nodes with short cable runs, 
fabricating the truss from graphite/epoxy, and beefing up the 
diagonals. 

6.2 DEPLOY ABL F. VOLUMES 

1. A rigid central core concept has been developed whicti will 
minimize EVA requirements during buildup. In addition this 
concept provides a rigid backbone for interface with the 
Orbiter during launch. For the habitat the concept utilizes a 
C€*ntral core module which is pressur i zable and which contains 
modularized equipment. It Interfaces with a pressurized cargo 
module for delivery of additional modularized equipment. 
Slilrtsleeve transfer and buildup is provided, and very little 
FVA is required. For the hangar the centralized core provides 
structural support and storage during launch, but does not 
provide pressurization. The concept selected also reduces EVA 
and RMS requirements for the hangar. 


S3 
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2. A large deployable habitat aodule can be delivered and erected 

In one Shuttle flight, and conpletely outfitted with an 

additional 1~2 Shuttle fllghta. The 13.3a (44.2 ft) dlaaeter 

3 3 

habitat would be about 1130 a (40,000 ft ) In voluae and 
would accoaaodate up to twelve aen. 

3. A 10.1m (33.2 ft) dlaaeter by 23.1a (75.8 ft) deployable OTV 
hangar can be delivered and assembled In one Shuttle flight. 
This hangar Is suitable for pressurized or unpressurized OTV 
operations and will accoaaodate both near term earth-based OTV 
designs as well as future reusable space-based concepts. 
Adequate volume Is provided for the OTV, work platforms, and 
spares storage. 

4. The BADF structure provides best overall compatibility with 
deployable volumes, and permits integral attachment and 
deployment of the external thermal/ meteoroid blanket and the 
pressure bladder. 

3. The basic deployable truss structure concept with a bladder on 
the Inside and a thermal /meteoroid blanket on the outside 
inherently provides excellent meteoroid and debris 
protection. For the habitat module a probably of no meteoroid 
penetration of 0.998 for 10 years is provided. A 3.25 cm 
debris fragment will be stopped, yielding, based on the 1978 
debris model, a probabllty of no debris penetration of 0.95 
for 10 years. With the addition of radiators to the exterior 
of the habitat module, the area shielded increases In debris 
protection to a probability of 0.975 for no penetration for 10 
years. The basic design of the habitat also provides 
radiation shielding of about 0.7 gm/cm which is suitable 
low Inclination (LEO) missions for a crew rotation period of 
up to 180 days. It Is feasible to add additional shielding if 
more severe missions are required. 
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